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African lungfishes can undergo aestivation during drought and tolerate exposure 
to 100 mmol l−1 NH4Cl. During aestivation, lungfishes are confronted with 
desiccation and the impediment of ammonia and urea excretion. During ammonia 
exposure, lungfishes are confronted with an inwardly directed NH3 gradient. 
These environmental conditions necessitate the regulation of water, ammonia and 
urea transport systems, which is unclear in African lungfishes at present. In fishes, 
transepithelial water transport involves aquaporins (Aqp), while ammonia and 
urea transport involves rhesus glycoproteins (Rhgp) and urea transporters (Ut), 
respectively. The main objectives of this study were to sequence the isoforms of 
aqp, rhgp and ut from the gills of Protopterus annectens and to determine the 
effects of aestivation and ammonia exposure on their mRNA expression levels 
and protein abundances in the gills, skin and liver. In this study, four aqp (aqp1aa, 
aqp3a, aqp8aa and aqp11), three rhgp (rhag, rhbg and rhcg) and three ut (ut-a2a, 
ut-a2b and ut-a2c) isoforms have been identified. During the induction phase of 
aestivation, the expression of Aqp1aa and/or Aqp3a in the gills and skin were 
maintained at control levels to facilitate water movement for mucus secretion. 
Aqp8aa expression was up-regulated in the liver, presumably to increase 
mitochondria ammonia uptake and contribute to increased urea synthesis during 
the induction phase. During the induction and maintenance phases of aestivation, 
changes in the expression of Ut-a2a, Ut-a2b and/or Ut-a2c in the gills, skin and 
liver could lead to the accumulation of urea. During the maintenance phase, the 
down-regulation of Rhag, Rhbg and Rhcg expression in the gills occurred in 
association with decreased ammonia excretion. Upon arousal, Aqp1aa expression 
was up-regulated to increase water absorption for rehydration and Rhcg 
 ii 
 
expression was up-regulated to facilitate ammonia excretion through the skin. 
Arousal led to the up-regulation of Ut-a2a and Ut-a2b expression in the gills and 
skin for urea excretion. When P. annectens was exposed to ammonia, Aqp1aa and 
Aqp3a expression were down-regulated in the gills and skin to reduce water loss 
and NH3 influx. The branchial Rhag, Rhbg and Rhcg expression were down-
regulated, thereby slowing down the influx of exogenous ammonia. The increases 
in the expression of Aqp1aa in the gills and Rhcg and Rhcg in the skin could 
increase CO2 conductance, which could lower the pH and NH3 concentration in 
the external environment. Ammonia exposure led to the up-regulation of Ut-a2c 
expression in the skin for urea excretion. Overall, results obtained from 
aestivating P. annectens indicated that increased transcription of certain genes, 
which could be energy-intensive, occurred during the maintenance phase. 
However, the transcriptional and translational processes appeared to be 
disengaged. These results challenged the traditional belief that metabolic 
depression was the main feature of aestivation. Indeed, differential transcriptomic 
analyses on the gills of P. annectens during the three phases of aestivation, as 
compared with the freshwater control, confirmed that increased transcription 
could be extended to other genes/gene clusters during the maintenance phase. 
Furthermore, there are up- and down-regulation of genes/gene clusters during the 
induction and arousal phases of aestivation. These results confirmed the 
importance of structural reconstruction, and offered insights into how the 
physiological functions of the gills were switched on and switched off, during 
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Note on abbreviations 
Two different types of abbreviations were adopted in this study for gene and 
protein symbols. This is because the standard abbreviations of genes/proteins of 
fishes (http://zfin.org/cgi-bin/webdriver?MIval=aa-ZDB_home.apg) are different 
from those of frogs and human/non-human primates (http://www.genenames.org).  
Specifically, for fishes, gene symbols are italicized, all in lower case, and protein 
designations are the same as the gene symbol, but not italicized with the first letter 
in upper case. The advantage and appropriateness of using two types of 
abbreviations is that it would allow immediate interpretation of the affiliation 
between the abbreviation with fish or human/non-human primates. All 




1. Literature review 
1.1. Lungfishes 
Lungfishes are a unique clade of sarcopterygian fishes and are considered to be the 
most closely related living species to the ancestor of tetrapods (Forey, 1986; Meyer 
and Wilson, 1990; Marshall and Schultze, 1992; Tohyama et al., 2000; Perry et al., 
2001; Brinkmann et al., 2004; Amemiya et al., 2013). They are represented by three 
extant genera, Protopterus, Lepidosiren and Neoceratodus, which are endemic of 
Africa, South America and Australia, respectively. These three genera of lungfishes 
evolved separately since the beginning of the continental drift that promoted the 
splitting of big continents (de Almeida-Val et al., 2015). Based on morphological 
characteristics from fossil records alone, Protopterus and Lepidosiren comprise of 
one lineage which appears largely unchanged from the ancestral Dipterus of the 
Carboniferous Period, and is regarded as the mainline of dipnoan evolution 
(Graham, 1997). On the other hand, Neoceratodus is a descendant of the fossil form 
Ceratodus which occurred on all continents from the Triassic to Cretaceous Periods 
(Graham, 1997). Therefore, out of the three, Neoceratodus is the most ancient 
genus, and the most derived genera are Protopterus and Lepidosiren.  
There are six species of extant lungfishes, including the South American 
Lepidosiren paradoxa (Fitzinger, 1837), the Australian Neoceratodus forsteri 
(Krefft, 1870) and the four African species: Protopterus annectens (Owen, 1839), P. 
amphibius (Peters, 1844), P. aethiopicus (Heckel, 1851) and P. dolloi (Boulenger, 
1900). Lepidosiren paradoxa is commonly found in the Amazon River basin of 
South America, inhabiting stagnant or lentic water systems (Lowe-McConnell, 1987; 
Planquette et al., 1996). Neoceratodus forsteri is restricted to the river channels and 
tributary streams within Southeast Queensland, Australia (Kind, 2010). The four 
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Figure 1. Extant lungfishes in the world. 
 




















African lungfishes have a broad geographical distribution in Africa (de Almeida-Val 
et al., 2015). Protopterus aethiopicus is extensively spread in eastern and central 
Africa, surrounding Congo, Nile Rivers and Lakes Victoria, Tanganyika, Albert, 
Edward, George, and Kyoga (de Almeida-Val et al., 2015). Protopterus annectens is 
found in western Africa and in the Zambezi and Limpopo Rivers of southern Africa 
(de Almeida-Val et al., 2015). Protopterus dolloi is mainly found in the Congo basin, 
whereas P. amphibius is distributed in East Africa (de Almeida-Val et al., 2015). 
Considering their natural distribution, sympatric populations of the four African 
lungfishes are rare, but they may co-occur in some places (Mlewa et al., 2010). 
The lungfishes belong to the subclass Dipnoi as they have lungs and the 
ability to breathe air. Dipnoans deviate from other sarcopterygians in having a 
mosaic of bones (Schultze, 2015). However, extant lungfishes show reductions and 
fusions of the skull roof bones, which show no homology with the skull roof bones 
of tetrapods or actinopterygians (de Almeida-Val et al., 2015). The separation of 
Dipnoi as a discrete group is largely based on the structure and arrangement of the 
skull bones, the endoskeleton of the paired fins, and the teeth (de Almeida-Val et al., 
2015).  
There are two orders of Dipnoi: Ceratodontiformes that comprises 
Neoceratodus, and Lepidosireniformes that includes both Protopterus and 
Lepidosiren. The two orders of Dipnoi are distinguishable mainly based on the 
number of lungs they possess. Ceratodontiformes have only one lung and 
Lepidosireniformes have two lungs that are fused anteriorly. Neoceratodus forsteri 
has robust flipper-like pectoral and pelvic fins, larger scales and a more laterally 
compressed body (Thomson, 1969; Kemp, 1986; Nelson, 2006). Furthermore, N. 
forsteri is a bimodal air-breather; it has well-developed gills, which support 
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respiration in well-aerated waters, and also a dorsal lung, which is used when 
oxygen levels are low or in forced exercise. By contrast, L. paradoxa and the 
Protopterus spp. exhibit elongated bodies, filamentous pectorial and pelvic fins and 
the fusion of their dorsal caudal and anal fins into one continuous diphycercal tail 
(Bemis et al., 1987). Lepidosiren paradoxa and the Protopterus spp. are obligate air-
breathers, as their gills do not allow them to breathe exclusively in water and that 
they have to gulp atmospheric air to supply their O2 requirements. The larval stage 
of L. paradoxa and the Protopterus spp. possesses external gills, but not N. forsteri 
(de Almeida-Val et al., 2015). While L. paradoxa and the Protopterus spp. are 
generally morphologically similar, Protopterus spp. have an additional gill arch (5 
versus 4) and lack the hyper-vascularised pelvic fins that L. paradoxa males develop 
during the spawning season (Mlewa et al., 2010). 
1.2. Aestivation 
‘Aestivation’ is generally used to describe an animal undergoing a state of torpor to 
survive arid conditions (except for aquatic aestivators like certain sponges and sea 
cucumbers) at high temperature, with absolutely no intake of food and water, and 
hence producing minimal or no urine and faecal materials, for an extended period. 
The term has been used to describe the dormant state of ectotherms, like amphibians 
and African lungfishes that encase in cocoons for an extended period during dry 
seasons at high temperature, and endotherms, like ground squirrels and cactus 
mouse at the height of summer heat. From the behavioural point of view, aestivation 
could be defined as inactivity at high environmental temperature, particularly during 
dry seasons for terrestrial animals (Gregory, 1982, Peterson and Stone, 2000). 
Ultsch (1989) advanced the all-behaviour position, describing aestivation as ‘a non-
mobile fossorialism’. From the physiological point of view, aestivation is often 
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associated with metabolic depression (Storey, 2002), because conservation of 
metabolic fuels has been viewed as a critical adaptation during long periods of 
aestivation without food intake. While this association is obviously present in 
endothermic mammals during aestivation, it is enigmatic whether it can be 
universally applied to aestivating ectothermic animals. For example, in aestivating 
turtle (Hailey and Loveridge, 1997), metabolic depression has been proposed to 
decrease both urea production and respiratory water loss, in addition to conserving 
metabolic fuels (Storey and Storey, 1990, Guppy and Withers, 1999). Nonetheless, it 
remains unclear whether metabolic depression in aestivating turtles is an adaptation 
to aestivation or simply a response to fasting (Belkin, 1965, Sievert et al., 1988). In 
fact, the decrease in oxygen consumption in laboratory-aestivating yellow mud turtle 
Kinosternon flavescens is identical to that of fully hydrated turtles that are fasted for 
an equivalent period (Seidel, 1978, Hailey and Loveridge, 1997).  
While N. forsteri does not aestivate (Kemp, 1986), L. paradoxa and the 
Protopterus spp. can survive periods of dry season by burrowing into the ground and 
aestivate (Johansen and Lenfant, 1967a,b). Without limbs to facilitate locomotion on 
land, lungfishes would have to passively tolerate desiccation, and aestivation could 
be the only means for survival under dehydration at high temperature. In their 
natural environment, L. paradoxa and the Protopterus spp. inhabit in swampy areas 
that dry out on an annual basis and the dryness varies in intensity according to the 
weather cycle of each year. When most of the water has dried up and only mud 
remains, L. paradoxa burrow in the mud up to 50 cm to avoid drying out (Berra, 
2001), leaving two or three holes for breathing purposes. The excavation of the 
burrows is made through biting the soil and expelling mud through the gill openings. 
After finishing this procedure, L. paradoxa turns around and remains with its head 
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facing the burrow opening, which allows it to obtain oxygen. Unlike the Protopterus 
spp., L. paradoxa does not form a mucous cocoon. 
For the Protopterus spp., aestivation covers the time between two wet 
seasons, which is normally only a fraction of a year (Johnels and Svensson, 1954). 
However, there could be great variation in the duration of the dry season and thus of 
aestivation each year. In certain localities, like Lake Edward (Poll and Damas, 1939) 
and Lake Victoria (Smith, 1931), Protopterus spp. may live for years without being 
forced into aestivation by drought (Johnels and Svensson 1954). Among the four 
African lungfishes, P. annectens is more reliant on aestivation (Smith, 1931). 
During desiccation, P. annectens exacavates a short burrow and secretes mucus that 
gradually hardens to form a cocoon (Johnels and Svensson, 1954). On the other 
hand, cocoon formation is a rare event in the natural environment for the other three 
Protopterus species (Brien et al., 1959; Greenwood, 1986). Brien et al. (1959) 
reported that in Stanley Pool (Congo River), the burrows of P. dolloi remained wet 
in their lower part without cocoon formation. The burrows of P. aethiopicus 
described by Wasawo (1959) resemble the combined dry-season burrow and 
breeding nest of P. dolloi (Greenwood, 1986). Nevertheless, when the lakes dry out, 
P. aethiopicus secretes mucus that gradually hardens to form a cocoon, which may 
reduce water loss. Hence, there are variations in aestivation behaviour and in burrow 
conditions (notably with or without a cocoon) among African lungfishes, depending 
probably on the characteristics of the intensity of the drought and the freshwater 
environment (Otero, 2011). It is important to note that P. aethiopicus, P. amphibius 
and P. dolloi can be induced to enter aestivation under laboratory conditions (Smith, 
1931; Brien et al., 1959; Janssens, 1964; Greenwood, 1986; Chew et al., 2004; Ip et 
al., 2005a; Loong et al., 2005; Perry et al., 2008) and they can produce cocoons 
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similar to those described for P. annectens. Although there are altogether six species 
of lungfishes in the world spreading over three continents (Australia, South America 
and Africa), only African lungfishes can aestivate without food and water intake in 
subterranean mud cocoon for ~4 years (Smith, 1931), which could be the longest 
aestivation period known for vertebrates.  
Aestivation comprises three phases: induction, maintenance, and arousal. To 
understand aestivation, it is important to distinguish the mechanisms and processes 
involved in the three different phases. Although many features of the maintenance 
phase of aestivation in African lungfishes have been well characterized (Smith, 1930; 
Janssens, 1964; Forster and Goldstein, 1966, Janssens and Cohen, 1968a, b; Lahiri 
et al., 1970), there is still a dearth of information on the induction 
factors/mechanisms, the maintenance mechanisms and the process/mechanism of 
arousal from aestivation. 
1.2.1. The induction phase 
1.2.1.1. Processing of external stimuli and internal cues for aestivation 
Several induction factors have been proposed for aestivation in African lungfishes in 
the past (Fishman et al., 1986). These include (1) air-breathing on land, leading to 
respiratory acidosis and CO2 retention, (2) dehydration, leading to metabolic 
acidosis and oliguria/anuria, (3) starvation, resulting in metabolic, circulatory and 
respiratory changes, and (4) stress, affecting thyroid function and/or leading to 
release of neurohumoral mediators. It is highly probable that multiple factors are 
involved in initiating aestivation, and there are synergistic effects between factors.  
Salinity changes and ionic composition of the ambient water could be 
important signals in initiating aestivation. Ip et al. (2005b) demonstrated that P. 
dolloi exposed to water at salinity 3 for 6 days exhibited consistently lower daily 
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urea excretion rate as compared with the freshwater control. Furthermore, there were 
decreases in urea contents in various tissues and organs. Ip et al. (2005b) therefore 
concluded that P. dolloi could respond to salinity changes in the external medium as 
it dried up, suppressing ammonia production in preparation of aestivation. At 
salinity 3, the osmolality of the external medium (90 mosmol kg-1) was lower than 
the blood osmolality (260–280 mosmol kg-1). Moreover, the blood osmolality of 
experimental fish (in salinity 3) was comparable to that of control fish (in 
freshwater). Therefore, the observed decreased in endogenous ammonia production 
were unrelated to dehydration. Since the control and experimental fish were fasted 
for the same period (6 days), fasting as the initiating factor of a decrease in ammonia 
production could be eliminated. Furthermore, both groups have free access to air, 
and had comparable blood pH, PO2 and PCO2 at the end of the 6-day period, and thus 
the results obtained by Ip et al. (2005b) could not be a result of metabolic/respiratory 
acidosis or CO2 retention. Therefore, Ip et al. (2005b) concluded that salinity and 
ionic composition changes in the external medium could act as important signals to 
initiate aestivation in P. dolloi during the induction phase as the external medium 
dried up.  
At present, there is little information on the internal cues involved in the 
initiation of aestivation in African lungfishes. Ip et al. (2005c) undertook a series of 
experiments to determine whether ammonia (as NH4Cl) injected intra-peritoneally 
into P. dolloi, would be excreted directly instead of being detoxified to urea, and to 
examine whether injected urea would be retained in this lungfish, leading to 
decreases in liver arginine and brain tryptophan levels as observed during 
aestivation on land. Despite being ureogenic, P. dolloi rapidly excreted the excess 
ammonia within the subsequent 12 hours after intra-peritoneal injection of NH4Cl. 
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By contrast, when urea was injected intra-peritoneally into P. dolloi, only a small 
percentage (34%) of it was excreted during the subsequent 24 hours. At hour 24, 
significant quantities of urea were retained in various tissues of P. dolloi. Intra-
peritoneal injection of urea led to decreases in endogenous ammonia production, 
hepatic arginine and brain tryptophan contents in P. dolloi. All these three 
phenomena had been observed in aestivating P. dolloi (Chew et al., 2004). Hence, Ip 
et al. (2005c) concluded that urea synthesis and accumulation could be one of the 
essential internal cues for initiating and perpetuating aestivation in P. dolloi, and 
urea might have a physiological role—more than just an accumulating nitrogenous 
end-product.  
1.2.1.2. Mucus secretion and cocoon formation 
During the dry season, an African lungfish escapes desiccation in its natural habitat 
by burrowing into the mud, forming a cocoon in which it remains for months until 
the waters return. As the mud of the burrow hardens, the lungfish becomes covered 
in its entirety with a waterproof cocoon that is open only at the mouth for breathing 
(Smith, 1930, Johnels and Svensson, 1954). However, being surrounded by mud is 
not a prerequisite for cocoon formation. Chew et al. (2004) reported for the first time 
that P. dolloi could be induced to aestivate inside a pure mucus cocoon in air in the 
laboratory. The mucus cocoon can protect the aestivating lungfish from evaporative 
water loss. Furthermore, mucus plays important roles in maintaining animal health 
and providing a physical and biochemical barrier between the animal and the 
environment, and is crucial for ionic and osmotic regulation, excretion, respiration, 
reproduction, and protection against microorganisms, toxins, pollutants and 
hydrolytic enzymes (Shephard, 1994, MacPherson et al., 2005, Lillehoj et al., 2013). 
The aestivating lungfishes also undergo a series of physiological adjustments in the 
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mucus cocoon. Hence, the formation of a mucus cocoon is an important step of the 
aestivation process.  
However, at present, there is a lack of knowledge concerning mucus 
secretion and cocoon formation in African lungfishes. In general, mucus comprises 
of water and glycoproteins secreted by goblet cells, though other cells including 
those in the submucosal glands can also produce it (Shephard, 1994, Thornton and 
Sheehan, 2004, Martinez-Anton et al., 2006; Ángeles Esteban, 2012). However, the 
composition of mucus of African lungfishes has not been examined. The skin of 
African lungfishes is the main organ that can produce mucus that forms a protective 
cocoon during the induction phase of aestivation (Chew et al., 2015). To date, there 
are only few reports on topics related to the skin of African lungfishes. Smith and 
Coates (1937) reported that the skin of non-aestivating P. annectens in water 
comprised a stratified epithelium resting on a delicate basement membrane. There 
were the mucous cells in the epidermis, which presumably produced large amounts 
of mucus for cocoon formation (Smith and Coates, 1937). However, Smith and 
Coates (1937) did not examine skins of lungfish during the induction phase of 
aestivation. After 6 months of aestivation, the entire epidermis was narrowed and 
atrophic looking, due to disuse and the inactivity of mucus production (Smith and 
Coates, 1937). Subsequently, Masini et al. (1999) reported that the skin of P. 
annectens was capable of producing proopiomelanocortin-derived peptides. Then, 
Sturla et al. (2001) demonstrated the presence of one type of mitochondria-rich cells, 
which resembled the α-chloride cells, in the skin of P. annectens, indicating that the 
skin was metabolically active and could be involved in iono- and osmo-regulation in 
water. By contrast, the role of the gills in mucus secretion and cocoon formation 
during the induction phase remains elusive at present. It has been reported that the 
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gills can contribute to mucus secretion in several fishes, including Mytilus edulis 
(Ahn et al., 1988), Salmo trutta fario (Ledy et al., 2003), Hoplias malabaricus and 
Hoplerythrinus unitaeniatus (Moron et al., 2009). While no mucous cells have been 
reported in the gills of P. annectens to date, Sturla et al. (2001) reported that the gills 
are covered by a thick layer of mucus that filled the interlamellar space during the 
induction phase. Therefore, efforts should be made in the future to explore the 
secretory function of the gills and/or skin of African lungfishes during aestivation.  
1.2.1.3. Altering the permeability of the skin to water and ions 
Since African lungfishes would have to defend against environmental ammonia 
toxicity during the induction phase of aestivation, Loong et al. (2007) undertook a 
study to determine how P. aethiopicus defended against ammonia toxicity when 
confronted with high concentrations (30 or 100 mmol l-1) of environmental ammonia. 
Using an Ussing-like apparatus, the skin of P. aethiopicus had low permeability 
(1.26 x 10-4 µmol min-1 cm-1) to NH3 in vitro. The influx of exogenous ammonia 
into fish exposed to 30 mmol l-1 NH4Cl was low (0.117 µmol min
-1 100 g-1 fish). 
Therefore, P. aethiopicus could afford to maintain relatively low ammonia contents 
in plasma, muscle, liver and brain even after 6 days of exposure to 100 mmol l-1 
NH4Cl. Furthermore, P. aethiopicus is capable of decreasing the NH3 permeability 
of its body surface in response to ammonia exposure (Loong et al., 2007). After 6 
days of exposure to 100 mmol l-1 NH4Cl, the NH3 permeability constant of the skin 
(0.55 x 10-4 µmol min-1 cm-1) decreased to half of the control value. A decrease in 
the already low cutaneous NH3 permeability and an increased urea synthesis, 
working in combination, allowed P. aethiopicus to effectively defend against 
environmental ammonia toxicity without elevating the plasma ammonia level. 
Hence, unlike other fishes (see Ip et al., 2001, Ip et al., 2004a, b, Chew et al., 2006, 
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Ip and Chew, 2010a, Chew and Ip, 2014 for reviews), glutamine and alanine 
contents do not increase in the liver and muscle, and there is no accumulation of 
glutamine in the brain, even when the fish is immersed in water containing 100 
mmol l-1 NH4Cl (Loong et al. 2007). Although the mechanisms involved in the 
alteration of NH3 permeability in the skin of P. aethiopicus are unclear at present, 
the results obtained by Loong et al. (2007) suggest that the permeability of the skin 
to water and ions can be altered during the induction and perhaps also the arousal 
phases of aestivation.  
1.2.1.4. Increased urea synthesis and decreased ammonia production 
Although decreased ammonia production was suspected to occur during aestivation 
(Janssens and Cohen, 1968a), its importance during both the induction and 
maintenance phases has not been confirmed until recently (Chew et al., 2003, 2004, 
Loong et al., 2005, Ip et al., 2005a). Chew et al. (2003) demonstrated that urea 
concentrations increased significantly in muscle (8-fold), liver (10.5-fold), and 
plasma (12.6-fold) of P. dolloi exposed to air for 6 days without entering to 
aestivation. Furthermore, there was a significant increase in the urea excretion rate 
in P. dolloi exposed to air for 3 days or more (Chew et al., 2003). Taken together, 
these results indicate that P. dolloi increased the rate of urea synthesis to detoxify 
ammonia during this period. Moreover, there was an increase in the ornithine-urea 
cycle capacity in the liver, with significant increases in the activities of carbamoyl 
phosphate synthetase III (Cps III; 3.8-fold), argininosuccinate synthetase (Ass) + 
argininosuccinate lyase (Asl; 1.8-fold) and glutamine synthetase (2.2-fold) during 
aerial exposure (Chew et al., 2003). By contrast, the ammonia excretion rate in the 
experimental fish decreased significantly but there were no significant increases in 
ammonia contents in the muscle, liver or plasma, indicating that endogenous 
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ammonia production was drastically reduced (Chew et al., 2003). The apparent 
decrease in ammonia production in P. dolloi was associated with significant 
decreases in concentrations of glutamate, glutamine, lysine and total free amino acid 
in the liver (Chew et al., 2003). However, in retrospect, the reduction in ammonia 
production during the induction phase of aestivation should not be viewed as an 
adaptation responding solely to ammonia toxicity and conservation of metabolic 
fuels (Chew et al., 2003). Actually, there could be an increase in protein synthesis, 
which would also result in decreases in ammonia production and in the total free 
amino acid content. Since the mucus usually comprises of glycoproteins (Ángeles 
Esteban, 2012), there could be an increase in the synthesis of certain proteins for 
increased mucus production during the induction phase. Furthermore, structural 
modifications cannot occur without increased protein synthesis. Hence, the results 
obtained by Chew et al. (2003) could be interpreted as the occurrence of increased 
protein synthesis and turnover instead of decreased protein degradation during the 
induction phase of aestivation.  
In a separate study, Loong et al. (2005) reported that the rates of urea 
synthesis in P. aethiopicus and P. annectens during aerial exposure for 6 days 
increased only 1.2- and 1.5-fold, respectively, which were smaller than that in P. 
dolloi. However, unlike P. dolloi, aerial exposure had no significant effects on the 
hepatic Cps III activities of P. aethiopicus and P. annectens. By contrast, aerial 
exposure induced relatively greater degrees of reductions in ammonia production in 
P. aethiopicus (34%) and P. annectens (37%) compared with P. dolloi (28%). Thus, 
Loong et al. (2005) concluded that there were subtle differences in responses by 
various species of African lungfishes to aerial exposure, and it would appear that P. 
aethiopicus and P. annectens depended more on a reduction in ammonia production 
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than an increase in urea synthesis to ameliorate ammonia toxicity during the 
induction phase of aestivation. Furthermore, there were significant increases in the 
mRNA expression levels of cps III (Loong et al., 2012a), ass and asl (Chng et al., 
2014), indicating increased urea synthesis in the liver of P. annectens during the 
induction phase of aestivation. Aestivation in hypoxia or in mud had a delayed effect 
on the increase in the mRNA expression of cps III, which extended beyond the 
induction phase of aestivation, highlighting the importance of differentiating effects 
that are intrinsic to aestivation from those intrinsic to hypoxia (Loong et al., 2012a). 
However, at present, there is no information on ammonia and urea transport in the 
liver of African lungfish during the three phases of aestivation.  
1.2.1.5. Structural modifications to prepare for the maintenance phase 
In the past, the occurrence of organic structural modifications in aestivating animals 
has been largely neglected. However, to date, aestivation in African lungfishes are 
associated with structural modifications in the heart and the kidney (Icardo et al. 
2008, Ojeda et al. 2008, Amelio et al. 2008). Icardo et al. (2008) reported that in 
fresh water, the myocytes in the trabeculae associated with the free ventricular wall 
of P. dolloi showed structural signs of low transcriptional and metabolic activity 
(heterochromatin, mitochondria of the dense type). These signs are partially reversed 
in aestivating P. dolloi (euchromatin, mitochondria with a light matrix), and 
paradoxically, aestivation appears to trigger an increase in transcriptional and 
synthetic myocardial activities, especially at the level of the ventricular septum 
(Icardo et al., 2008). Furthermore, Ojeda et al. (2008) demonstrated structural 
modifications in all the components of the renal corpuscle of aestivating P. dolloi. 
All these structural changes have to occur during the induction phase to shut off 
functions of certain tissues or organs and prepare the aestivating lungfish to survive 
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the maintenance phase of aestivation (which can last up to 4 years). However, the 
structural modifications in other tissues of African lungfishes during the induction 
phase remain elusive.  
1.2.2. The maintenance phase 
1.2.2.1. Arrest of growth and regeneration 
African lungfishes do not undergo growth and regeneration during aestivation. For P. 
annectens and P. aethiopicus that were induced to aestivate after they had 
regenerated varying amounts of limb and tail tissue, aestivation sharply limited but 
did not halt further growth if the regenerate was in the latent phase. Short-term 
aestivation experiments revealed that the bulk of the growth took place during the 
induction phase preceding dry cocoon formation (Conant, 1973). Therefore, Conant 
(1973) concluded that deep aestivation inhibited tissue regeneration, which would 
imply that the fish must regain the ability of tissue regeneration upon arousal from 
aestivation. Furthermore, Conant (1976) reported that prolonged aestivation (> 17 
months) in African lungfishes was associated with shrinkage of the body including 
fins and skeletal elements. The tail tip became noticeably blunter as the axis shortens 
and all limbs shortened during prolonged aestivation. Blanc et al. (1956) reported 
that after 28 weeks of aestivation, one fish had lost 57 g out of 345 g originally, was 
35 mm shorter than the original 400 mm snout-tail length, had both pectoral and 
pelvic limbs shortened.  
1.2.2.2. Reduction in respiratory and cardiovascular activities 
During aestivation, African lungfishes have to depend entirely on their lungs for 
breathing. The collapse of the gill filaments can lead to decreased blood flow 
through the gills, accompanied by blood flow redistribution at the gill arches (and to 
the cranial and coronary arteries). Essentially, blood flow is redirected to favor lung 
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perfusion and to allow adequate respiratory exchanges during aestivation (Laurent, 
1996). However, the mechanisms underlying pulmonary ventilation in aestivating 
lungfishes are controversial. It has been reported that aestivating P. annectens 
(DuBois, 1892) and P. amphibius (Lomholt et al., 1975) relied on aspiration or 
‘suctional’ breathing. However, recent studies do not support the existence of 
aspiration breathing in aestivating African lungfishes. DeLaney and Fishman (1977) 
examined pulmonary breathing in P. aethiopicus in detail and concluded that filling 
of the lung during aestivation was driven by the same buccal force pump employed 
by aquatic lungfish. A difference between aquatic and aestivating animals is the 
involvement of rapid movements of the pectoral musculature to elicit positive 
pulmonary pressures to allow exhalation in aestivation; these movements are not 
required in aquatic animals, where exhalation is driven by hydrostatic forces 
(DeLaney and Fishman, 1977). These exhalation/inhalation events are repeated in 
rapid succession in aestivating lungfish, resulting in periods of tachypnea lasting 
approximately 30 s followed by longer apnea (Lomholt et al., 1975, DeLaney and 
Fishman, 1977, Lomholt, 1993). For aestivating P. dolloi, a similar pattern of 
breathing occurs in episodes, consisting of 5–30 rapid breaths that are interspersed 
with periods of apnea lasting approximately 3 min (Perry et al., 2008). For 
aestivating P. aethiopicus, each breathing episode was accompanied by shallow 
movements of the body wall in the vicinity of the posterior buccal musculature 
(DeLaney and Fishman, 1977). These movements reflect the muscle contractions 
that generate positive intrapulmonary pressures to assist exhalation. The aestivating 
lungfish has very small tidal volume; and a large residual lung volume (Lomholt et 
al., 1975), making diffusion the principal means for renewal of gas inside the lung.  
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Aestivation in a mud cocoon or cloth bag could decrease the respiration rate 
by up to 90%, depending on the duration of aestivation (Smith, 1930, Swan and Hall, 
1966, Swan et al., 1968, Lahiri et al., 1970, DeLaney et al., 1974, Fishman et al., 
1986, Hochachka and Guppy, 1987). However, Perry et al. (2008) reported that P. 
dolloi exhibited constant rates of O2 consumption before (0.95 ± 0.07 mmol kg
−1 
h−1), during (1.21 ± 0.32 mmol kg−1 h−1) and after (1.14 ± 0.14 mmol kg−1 h−1) 
extended periods (1–2 months) of aestivation in a completely dried mucus cocoon in 
air (normoxia).  
During the maintenance phase of aestivation, the heart rate and blood 
pressure decrease in African lungfishes (Lahiri et al., 1970, Fishman et al., 1986). 
DeLaney et al. (1974, 1976) reported that during the first 30 days of aestivation in 
mud or in artificial cloth-bag, the mean arterial blood pressure in P. aethiopicus 
decreased gradually from control values of 20-28 mm Hg to 14-18 mm Hg. The 
heart rate decreased more gradually from 22-30 beats min-1 to 11-16 beats min-1 
after 60 days of aestivation (DeLancy et al., 1974, 1976). The ventilation frequency 
increased by 2- to 5-fold during the first 30 days of aestivation in the cloth-bag and 
then returned to the control range (2-10 h) within 45 days (DeLaney et al., 1974). 
The arterial PO2 increased from the control level of 25-40 to 50-58 mm Hg during 
the first 10 days of aestivation, and then returned to the control level (DeLaney et al., 
1974). The arterial PCO2 increased from control values of 25-30 mm Hg to 45-70 mm 
Hg, while arterial pH decreased concomitantly from 7.55-7.60 to 7.26-7.40 after the 
cocoon formation (DeLaney et al., 1974). The plasma bicarbonate concentration 
increases from 8.6 mmol l-1 in an active fish to 49.6 mmol l-1 in an aestivating fish 
(Johansen et al., 1976b). Therefore, it can be concluded that the sequential 
cardiopulmonary changes during the onset of aestivation are gradual. 
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1.2.2.3. Further suppression in ammonia production and increased urea 
synthesis 
During the maintenance phase of aestivation, African lungfishes have absolutely no 
intake of food and water for an extended period. Therefore, they must rely on stored 
fuel for energy production. Bakiker and El Hakeem (1979) suggested that P. 
annectens probably utilized carbohydrate during the initial phase of aestivation only, 
and it relied almost entirely on protein during the maintenance phase of aestivation. 
Amino acids can be released from muscles and other tissues through increased 
protein catabolism, of which the degradation of amino acids can result in the release 
of ammonia. Ammonia is toxic (Cooper and Plum, 1987); it acts on the central 
nervous system of vertebrates, including fish, causing hyperventilation, 
hyperexcitability, convulsions, coma and death. Therefore, African lungfishes 
ameliorate ammonia toxicity during emersion or aestivation by increasing urea 
synthesis and suppressing ammonia production (see Chew and Ip, 2014 for a 
review).  
The rate of ammonia production in P. dolloi decreased to 26% and 28% 
during the first 6 days and the following 34 days of aestivation, respectively (Chew 
et al., 2004). By contrast, for P. aethiopicus that underwent 46 days of aestivation, 
there was a 20% decrease in the ammonia production rate during the initial 12 days, 
and a profound decrease (96%) in ammonia production from day 34 to day 46 (Ip et 
al., 2005a). Hence, it becomes apparent that different African lungfishes exhibit 
different capacity of reduction in ammonia production. Glutamate dehydrogenase 
(Gdh) is in a crucial position to regulate ammonia production. The activities of 
hepatic Gdh, in the amination and deamination directions, remained relatively 
constant in fish exposed to normoxia during the induction phase (3 or 6 days) of 
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aestivation (Loong et al. 2008a). Nevertheless, there was a significant increase in the 
Gdh amination activity, with the deamination activity remained unchanged, in fish 
aestivating in normoxia on day 12. Hence, Gdh would act less favourably in the 
deamination direction during the maintenance phase of aestivation to reduce the 
ammonia production through transdeamination. Furthermore, transdeamination of 
amino acids through the hepatic Gdh became responsive mainly to the cellular 
energy status of the fish during the maintenance phase of aestivation (day 12) in 
normoxia (Loong et al., 2008a). Since ammonia concentrations in various tissues of 
P. annectens exposed to normoxia remained relatively unchanged, Loong et al. 
(2008a) concluded that the changes in the activity of hepatic Gdh occurred mainly to 
reduce ammonia production, and not to detoxify ammonia during the maintenance 
phase of aestivation.  
In spite of suppressing ammonia production during the maintenance phase, 
endogenous ammonia must be detoxified because of the complete impediment of 
ammonia excretion. By synthesizing and accumulating the moderately less toxic 
urea, aestivating African lungfishes can carry out protein catabolism for a longer 
period without being intoxicated by ammonia. The rate of urea synthesis in P. dolloi 
increased by 2.4- and 3.8-fold during 6 days and 40 days of aestivation in air, 
respectively (Chew et al., 2004). Although activities of ornithine-urea cycle 
enzymes in fish aestivated for 6 days remained unchanged, the activities of several 
ornithine-urea cycle enzymes increased significantly in fish aestivated for 40 days. 
Previous works by Janssens and Cohen (1968a) showed that urea accumulation 
occurred in P. aethiopicus aestivated for 78-129 days in an artificial mud cocoon, 
but they concluded that urea accumulation did not involve an increase in the rate of 
urea synthesis, even though the fish appeared to be in continuous gluconeogenesis 
 20 
 
throughout aestivation. Subsequently, Ip et al. (2005a) undertook a study to test the 
hypothesis that the urea synthesis rate in P. aethiopicus was up-regulated to detoxify 
ammonia during the initial period of aestivation (day 0 to day 12), and that a 
profound suppression of ammonia production occurred at a later period of 
aestivation (day 34 to day 46) which eliminated the need to sustain the increased rate 
of urea synthesis. Contrary to the report of Janssens and Cohen (1968a), Ip et al. 
(2005a) demonstrated a drastic increase in urea synthesis (3-fold) in P. aethiopicus 
during the initial 12 days of aestivation, although the magnitude of the increase in 
urea synthesis decreased over the next 34 days. Between day 34 and day 46 (12 
days), the urea synthesis rate decreased to 42% of the day 0 control value instead (Ip 
et al., 2005a). There were significant increases in tissue urea contents and activities 
of some ornithine-urea cycle enzymes in the liver (Ip et al., 2005a). Since there was 
a meager 20% decrease in the rate of ammonia production in P. aethiopicus during 
the initial 12 days, as compared to a 96% decrease during the final 12 days of 
aestivation (day 34 to day 46), Ip et al. (2005a) concluded that P. aethiopicus 
depended mainly on increased urea synthesis to ameliorate ammonia toxicity during 
the initial period of aestivation, but it suppressed ammonia production profoundly 
during prolonged aestivation, eliminating the need to increase urea synthesis which 
is energy intensive.  
1.2.2.4. Structure and functional modification of several organs/tissues 
With a total absence of water intake through the digestive tract or cutaneous surface 
during the maintenance phase of aestivation, it is absolutely essential for aestivating 
African lungfishes to impede urine production and render the kidney non-functional 
during the maintenance phase of aestivation. Ojeda et al. (2008) studied the 
structural and lectin-binding modifications that occurred in the renal corpuscle of P. 
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dolloi during aestivation. During the maintenance phase of aestivation, the renal 
corpuscles underwent a marked size reduction, affecting all the structural 
components (Ojeda et al., 2008). The parietal cells of Bowman’s capsule lost their 
flattened appearance and adopted the organization of a stratified epithelium (Ojeda 
et al., 2008). The glomerular capillaries collapsed while the podocytes approached 
each other (Ojeda et al., 2008). The foot processes lost their regular arrangement, the 
filtration slits became unnoticeable, and the subpodocyte space disappeared (Ojeda 
et al., 2008). The glomerular basement membrane thickened enormously (Ojeda et 
al., 2008). On the whole, these modifications thickened the filtration barrier, thus 
reducing the filtration coefficient and allowing the aestivating lungfish to cope with 
dehydration (Ojeda et al., 2008). Therefore, Ojeda et al. (2008) concluded that the 
renal corpuscle of P. dolloi was a highly dynamic structure capable of modifying its 
architecture in response to environmental changes. Structural and functional 
modifications also occur in the heart (Icardo et al., 2008), alimentary canal (Icardo et 
al. 2012) and lungs (Garofalo et al., 2015) during the maintenance phase of 
aestivation. 
Beyond the induction phase, many tissues and organs, including the gills 
(Sturla et al., 2002; Garofalo et al., 2015) and skin (Sturla et al., 2001, 2002), of the 
African lungfishes have undergone structural modifications to survive the 
maintenance phase (which may last up to 4 years). During the maintenance phase, 
there is a need to preserve biological structure in order to prepare for a prompt re-
establishment of their physiological functions upon arousal from aestivation 





During arousal, water absorption must precede urea excretion because urea is 
important to this osmotic phenomenon. Wilkie et al. (2007) studied P. dolloi during 
prolonged (5 months) exposure to air, but because the fish used in their experiment 
did not really undergo aestivation, their results actually provided insights into what 
would happen during the arousal phase. Results of Wilkie et al. (2007) indirectly 
support the proposition of Riddle (1983) that urea accumulated during the 
maintenance phase of aestivation could facilitate water uptake from the environment 
during arousal. Wilkie et al. (2007) reported that the 13-fold increase in muscle urea 
content was the likely explanation for the 56% increase in muscle water content 
observed after 5 months of air exposure. However, the phenomena that muscle acted 
as a ‘water reservoir’ during air exposure and that the body mass decreased by 20% 
during subsequent re-immersion in water did not reflect what occurs during the 
arousal phase. Firstly, after a long period of aestivation, there should be a decrease, 
and not an increase, in the muscle water content. Secondly, the amount of urea 
accumulated in the body during short period of induction phase of aestivation would 
not result in a large increase in muscle water content. Thirdly, it is essential for the 
fish to gain water from instead of losing it to the environment during arousal. 
Therefore, it can be deduced from the results of Wilkie et al. (2007) that water 
absorption occurs through the ventral skin of African lungfish when water becomes 
available during arousal.  
1.2.3.2. Excretion of accumulated urea 
Upon arousal in water, African lungfishes can efficiently excrete the excess urea 
accumulated in the body during the maintenance phase of aestivation (Smith, 1930, 
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Janssens, 1964). Chew et al. (2003) reported that the urea excretion rate increased by 
22-fold in P. dolloi during re-immersion after 6 days of terrestrial exposure as 
compared to the control fish. This is the greatest increase in urea excretion reported 
for fishes during emersion-immersion transition, and suggests that P. dolloi 
possesses transporters which facilitate the urea excretion upon arousal. Subsequently, 
Wood et al. (2005a) reported that after 21-30 days of aestivation in air or exposed to 
air without aestivation, the urea excretion rate increased, reaching 2000-6000 µmol-
N h-1 kg-1 at 10-24 hours, in P. dolloi during re-immersion. The skin appeared to be 
an important site of urea-N excretion, because there was 72% of the urea-N efflux 
through the posterior 85% of the body with minimal involvement of the kidney. 
Indeed, Hung et al. (2009) obtained the full-length cDNA sequence of a putative 
urea transporter (lfut) of the UT-A type (Hung et al., 2009). It was expressed in the 
gills, kidney, liver, skeletal muscle and skin of P. annectens (Hung et al., 2009). 
Upon reimmersion in water after 33 days of air exposure, P. annectens exhibited a 
massive rise in urea-N excretion which peaked at 12–30 hours with rates of 2,000–
5,000 μmol N kg−1 h−1 and persisted until 70 h (Hung et al., 2009). Quantitative real-
time PCR (qPCR) revealed significant elevation of lfut mRNA expression in the skin 
between 14 and 48 h of reimmersion (Hung et al., 2009). Thus, it can be deduced 
that transcriptional activation of lfut would occur in the skin of African lungfishes to 
facilitate urea excretion during the arousal phase of aestivation. During arousal, 
increased urea excretion in P. dolloi occurred in pulses (Wood et al., 2005a). Ip and 
Chew (2010a) proposed that it can be an adaptation to assure complete rehydration, 
which is dependent on tissue urea content, and to minimize instantaneous osmotic 
shock to cells, upon arousal. Through the injection of NH4Cl + urea, Ip et al. (2005c) 
concluded that excretion of accumulated urea in P. dolloi was regulated by the level 
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of internal ammonia. Hence, it is possible that an increase in ammonia production 
occurred through increased amino acid catabolism upon arousal, and the increased 
production of endogenous ammonia acted as a signal to enhance urea excretion.  
1.2.3.3. Tissue regeneration and feeding 
During arousal, blood flow and heart beat rate recover. Ojeda et al. (2008) reported 
that all the modifications which rendered the kidney non-functional during the 
maintenance phase of aestivation were partially reversed during the first few days of 
arousal with the return of water. Furthermore, Garofalo et al. (2015) reported that 
the protein abundance of nitric oxide synthase (Nos) and v-Akt murine thymoma 
viral oncogene homolog (Akt) were down-regulated in the gills during the 
maintenance phase and up-regulated during the arousal phase, while the opposite 
trend was observed in the lungs of P. annectens. This is in parallel with organ 
readjustment in the gills and lungs of P. annectens during aestivation and arousal. 
Since the Nos/NO system is often associated with Akt in amplifying and integrating 
extracellular signals for redox balance, cell survival and osomoregulatory signal 
transduction (Amelio et al., 2013), Garofalo et al. (2015) proposed that Nos and Akt 
could play a role in morpho-functional readjusting processes in the gills and lungs of 
P. annectens. However, the exact mechanism for tissue regeneration in African 
lungfishes during the arousal phase is unclear at present.  
African lungfishes would start feeding only after 7-10 days of arousal from 
aestivation. This indicates that some restructuring of the intestinal epithelium is a 
prerequisite to feeding. Icardo et al. (2012) reported that after arousal from 6 months 
of aestivation, cell phenotypes in the digestive tract of P. annectens were restored in 
about 6 days. However, full structural recovery is not attained during the 
experimental period (15 days post-aestivation; Icardo et al., 2012). Therefore, the 
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initial recovery of the intestinal epithelium was independent of food intake. Since 
structural modifications for tissue regeneration would require increased syntheses of 
certain proteins, and since they occurred before re-feeding, it would imply the 
mobilization of amino acids of endogenous origin. However, protein degradation 
and synthesis during the arousal of aestivating African lungfishes remain unclear at 
present. Furthermore, there is no information on postprandial nitrogen metabolism 
and excretion in African lungfishes upon arousal from aestivation.  
1.3. Aquaporins 
Aquaporins (AQP) are a superfamily of integral membrane proteins that generally 
function for the selective passage of water or glycerol (Cerdà and Finn, 2010). To 
date, 17 AQP subfamilies (Aqp0-16) have been described in a wide variety of 
animals (Finn et al., 2014), of which Aqp13-16 are still poorly categorized (Finn and 
Cerdà, 2011; Finn et al., 2014; Madsen et al., 2015). In mammals, the classical or 
true AQP, which include AQP0, AQP1, AQP2, AQP4 and AQP5, are usually only 
permeable to water. By contrast, the aquaglyceroporins, which include AQP3, AQP7, 
AQP9 and AQP10, are permeable to water, glycerol and urea. The remaining AQP6, 
AQP8, AQP11 and AQP12 are termed “unorthodox AQP” due to their unique 
characteristics which include anion permeability for AQP6 (Yasui et al., 1999), NH3 
permeability for AQP8 (Saparov et al., 2007; Soria et al., 2010, 2013), and modified 
NPA motifs and intracellular locations for AQP11 and AQP12 (Itoh et al., 2005; 
Gorelick et al., 2006).  
Fishes are often exposed to osmotic challenges due adverse environmental 
changes that result in passive water gain or loss (Madsen et al., 2015). These 
obligatory water fluxes due to osmotic gradients must be compensated for by bulk 
flow of water in the opposite direction or osmoregulatory mechanisms that prevent 
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water loss or gain (Madsen et al., 2015). While the molecular pathways of 
compensatory water fluxes are still largely unresolved at present, it is established 
that water molecules can permeate lipid bilayer or facilitated by Aqp, and a net 
water flux can be generated by osmosis (Madsen et al., 2015). To date, most studies 
have focused mainly on the effects of salinity changes on Aqp in the gills of fishes. 
It has been demonstrated that the mRNA expression level and protein abundance of 
aqp3/Aqp3 decrease significantly in the gills of seawater-acclimated fishes, 
including Oreochromis mossambicus (Watanabe et al., 2005), Sparus sarba (Deane 
and Woo, 2006), Anguilla japonica (Tse et al., 2006), Dicentrarchus labrax 
(Giffard-Mena et al., 2007, 2008), Salmo salar (Tipsmark et al., 2010), Fundulus 
heteroclitus (Jung et al., 2012), Oryzias latipes (Madsen et al., 2014) and Oryzias 
dancena (Kim et al., 2014). This may serve to reduce passive osmotic loss from the 
fish in a hyperosmotic environment (Madsen et al., 2015). Furthermore, Aqp3 may 
play a role in NH3 or urea transport (Cutler and Cramb, 2000). By contrast, the 
mRNA expression of branchial aqp1 is more varied among different fish species. In 
S. salar, the mRNA expression of aqp1aa is down-regulated in the gills upon 
seawater acclimation (Tipsmark et al., 2010). In Acanthopagrus schlegeli (An et al., 
2008), Takifugu obscurus (Jeong et al., 2014) and O. dancena (Kim et al., 2014), the 
mRNA expression of aqp1 is higher in fresh water than in seawater. However, there 
are no significant changes in the mRNA expression of aqp1aa in the gills of Anabas 
testudineus (Ip et al., 2013) and D. labrax (Giffard-Mena et al., 2007) upon seawater 
exposure. Compared to the gills, there is little information on the expression and 
function of Aqp in the skin of fishes at present. Even though the gills and skin do not 
share much structural similarity, they constitute a direct interface between the 
interior and exterior environments. Furthermore, both organs have specialized 
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functions such as mucus secretion, gas transport and ion transport, and share the 
challenge of cell volume regulation in a higher degree than any other cell type 
within the fish. Therefore, Madsen et al. (2015) suggested that cutaneous Aqp could 
be expected to be asymmetrically expressed in apical and basolateral membrane to 
allow for cell volume-regulatory fluxes of water. 
Other than being water channels, some isoforms of AQP (AQP1, AQP3, 
AQP8, and AQP9) can support significant fluxes of NH3 (Geyer et al., 2013). 
Nakhoul et al. (2001) undertook a study to determine whether expressing AQP1 
could affect NH3 transport. Using ion-selective microelectrodes, they conducted 
experiments on frog oocytes (cells characterized by low NH3 permeability) 
expressing AQP1, and concluded that the oocyte membrane, although highly 
permeable to NH4
+, had a significant NH3 permeability and that NH3 permeability 
was enhanced by AQP1. Furthermore, Holm et al. (2005) expressed the mammalian 
aquaporins AQP1, AQP3, AQP8 and AQP9 in Xenopus oocytes to study NH3 
transport and concluded that these AQPs supported significant fluxes of NH3 and 
NH4
+. Ammonia exposure results in significant decreases in mRNA expression of 
aqp1aa in the gills and skin of A. testudineus, presumably to reduce ammonia influx 
during ammonia loading (Ip et al., 2013). As molecular characterization of Aqp1aa 
from A. testudineus revealed that its intrinsic aquapore might not facilitate NH3 
transport, Ip et al. (2013) proposed that ammonia probably permeated through the 
central fifth pore of the Aqp1aa tetramer. In the gills of S. salar, ammonia exposure 
for 22 days results in decreased mRNA expression of aqp3a, while prolonged 
exposure (105 days) causes an up-regulation in the mRNA expression of aqp3a, as 
compared to the freshwater control (Kolarevic et al., 2012). These findings imply 
that Aqp3a may have an additional function in NH3 transport. By reconstituting 
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purified APQ8 into planar bilayers, Saparov et al. (2007) demonstrated through 
stoichiometric study that AQP8 selectively transport NH3, excluding NH4
+ and H+. 
Furthermore, it has been reported that AQP8 could facilitate the mitochondrial 
uptake of ammonia and its metabolism into urea in the rat liver (Soria et al., 2013). 
At present, it is still debatable whether AQP could facilitate CO2 
conductance (Kaldenhoff et al., 2014). However, there are evidence indicating that 
bio-membrane gas permeability could be so low that proteins like AQP1 are 
required to allow efficient CO2 diffusion (Prasad et al., 1998; Nakhoul et al., 1998; 
Yang et al., 2000; Endeward et al., 2006a,b). Results obtained from molecular 
dynamic simulations showed that the four aquapores and the central pore of AQP1 
are permeable to CO2 (Wang et al., 2007). Furthermore, AQP1 accounts for 
approximately 90% of CO2 permeability in red blood cells (Endeward et al., 
2006a,b). A recent study of D. rerio suggests that branchial Aqp1aa may play an 
alternative and fundamental role in gas transport, as significant CO2 (and NH3) 
permeability was found in Aqp1aa (Chen et al., 2010). Kaldenhoff et al. (2014) 
proposed that CO2 is most likely permeated through the central fifth pore of the 
AQP1 tetramer and the AQP tetramer formation, membrane integration and 
disintegration could provide a mechanism for regulation of cellular CO2 exchange. 
Furthermore, it has been reported that some AQPs (AQP7, AQP9, and 
possibly AQP3) are permeable to urea, suggesting a possible role of AQPs in urea 
transport (see Litman et al., 2009 and Li and Wang, 2014 for reviews). Interestingly, 
AQP3, AQP7, and AQP9 appear to play roles in urea transport in mammalian skin. 
All three AQPs are upregulated in normal human keratinocytes after stimulation 
with relatively low doses of exogenous urea (Grether-Beck et al., 2012). Moreover, 
mercury, nickel, and copper cations significantly inhibited 14C-labeled urea uptake 
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into keratinocytes, indicating that these urea-permeable AQPs can contribute to the 
net uptake of urea by keratinocytes (Grether-Beck et al., 2012). In the liver, AQP9 
mediates both the influx of glycerol used for gluconeogenesis and the efflux of urea 
from hepatocytes after ureagenesis during fasting or in diabetes (Carbrey et al., 2003; 
Jelen et al., 2012) 
1.4. Rhesus glycoproteins 
Rhesus glycoproteins (Rhgp/RhGP) are members of the solute transporter family 
SLC42 that play an important role in transmembrane ammonia transport (Bakouh et 
al., 2006; Nakhoul and Hamm, 2014). They include RhAG, present in red blood 
cells, and two non-erythroid members RhBG and RhCG that are expressed in 
various tissues. In freshwater fishes, rhgp respond at the mRNA level to internal or 
external ammonia loading (Hung et al., 2007; Nawata et al., 2007; Nawata and 
Wood, 2008, 2009; Tsui et al., 2009; Braun et al., 2009a) and ammonia excretion is 
inhibited when rhgp are knocked down by morpholino techniques in the embryos of 
D. rerio (Shih et al., 2008; Braun et al., 2009b). For most ammonotelic fishes, the 
majority of ammonia is excreted across the branchial epithelium as NH3 down a 
favorable blood-to-water diffusion gradient (Wilkie, 1997, 2002; Evans et al., 2005). 
Wright and Wood (2009) proposed a model for ammonia excretion in freshwater 
fishes and its variable connection to Na+ uptake and acid excretion. In this model, 
Rhag facilitates NH3 flux out of the erythrocyte, Rhbg moves it across the 
basolateral membrane of the branchial ionocyte, and an apical “Na+/NH4+ exchange 
complex” consisting of several membrane transporters (Rhcg, vacuolar-type H+-
ATPase (Atp6v), Na+/H+ exchanger (Nhe2 and/or Nhe3), Na+ channel (Enac)) 
working together as a metabolon to provide an acid trapping mechanism for apical 
excretion. This model incorporates the premise that Rhgp function as ammonia 
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Figure 2. The proposed model on the ammonia transport and excretion in the 
gills of freshwater fish. The model is modified from Wright and Wood (2009) and 
Ip and Chew (2010). Rhag = rhesus blood group-associated glycoprotein; Rhbg = 
rhesus family B glycoprotein; Rhcg = rhesus family C glycoprotein; Nka = Na+/K+ 





 channels, binding NH4
+ but facilitating the diffusion of NH3 (Wright and Wood, 
2012). 
However, it remains controversial whether Rhgp transports NH4
+ or NH3 at 
present (Weiner and Verlander, 2014; Caner et al., 2015). As NH3 and NH4
+ exist in 
equilibrium with a pKa of 9.25 (Khademi and Stroud, 2006), NH4
+ would be the 
predominant form at physiological pH. Phospholipid bilayer has low permeability to 
ions, and transport of NH4
+ across cell membrane requires the participation of 
transporters. Four possible mechanisms of NH3/NH4
+ transport in Rhgp have been 
proposed. Firstly, based on the measurements of methyl amine/ammonium uptake 
(as surrogates for NH3/NH4
+) in Xenopus oocytes expressing RhAG, Westhoff et al. 
(2002) proposed that RhAG served as electroneutral countertransporters of NH4
+ 
coupled to H+ efflux. In effect, RhAG would be transporting net NH3 equivalents 
without causing any changes in intracellular pH (ΔpHi = 0). Several studies 
(Ludewig, 2004; Zidi-Yahiaoui et al., 2005) conducted in Xenopus oocytes and 
mammalian cells expressing RhBG were in agreement with the conclusion of 
Westhoff et al. (2002). Secondly, RhGP are proposed to transport only the 
electroneutral NH3 and not NH4
+. Studies on liposomes in which RhCG was 
reconstituted demonstrated an increase in NH3 permeability but no effect on NH4
+ 
permeability (Mouro-Chanteloup et al., 2010). Another study involving surface pH 
measurements in oocytes expressing RhCG also concluded that NH3 was being 
transported (Musa-Aziz et al., 2009). If this were indeed true, RhCG would be 
transporting net NH3 across the oocyte membrane, causing alkalinization of 
intracellular pH. Thirdly, RhGP are proposed to promote the efflux of NH4
+. Based 
on a study conducted by Marini et al. (2000), there was a higher rate of extracellular 
accumulation of NH4
+ in yeast cells expressing RhAG or RhCG than in controls. 
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Fourthly, RhGP are proposed to be dual transporter for NH3 and NH4
+, which is 
reported in HeLa cells expressing RhAG (Benjelloun et al., 2005), studies on RhBG 
(Nakhoul et al., 2005, 2010a, 2010b; Nakhoul and Hamm, 2014) and RhCG 
(Bakouh et al., 2004). Therefore, the study of NH3/NH4
+ transport of Rhgp/RhGP is 
complex (Musa-Aziz et al., 2009; Caner et al., 2015).  
In contrast to the gills, there is little information on the role of Rhgp in the 
liver and skin of fishes. Hung et al. (2007) demonstrated that rhbg, rhcg1 and rhcg2 
were expressed in multiple tissues, including the liver and skin, of Kryptolebias 
marmoratus. Furthermore, their mRNA expressions were sensitive to both external 
ammonia and air exposure (Hung et al., 2007). Following ammonia or air exposure, 
there were increases in the mRNA expression of rhbg in liver and muscle of K 
marmoratus. Notably, the mRNA expression of rhcg1 and rhcg2 increased in the 
skin of K marmoratus during air exposure. Therefore, Hung et al. (2007) proposed 
that Rhgp promoted NH3 passage from the blood to the skin during air exposure. 
Besides facilitating ammonia transport, RhGP has been implicated to CO2 
conductance. There are significant CO2 permeabilities in human RhAG, RhBG and 
RhCG when expressed in Xenopus oocytes (Geyer et al., 2013). Furthermore, RhCG 
expressed in oocytes increased CO2 permeability compared to water-injected 
oocytes (Bakouh et al., 2006). NH3 has been proposed to move through the 
monomeric pores of AmtB and RhAG, while CO2 could enter through the 
hydrophobic central pore of the trimeric protein (Musa-Aziz et al., 2009). Currently, 
there are two reports suggesting the role of Rhgp in CO2 transport in fishes. The 
mRNA expression of rhag in the erythrocytes of O. mykiss shows a differential 
response in the presence of high CO2 and ammonia levels (Nawata and Wood, 2008). 
Perry et al. (2010) reported that after translational knockdowns of Rhbg and Rhcg 
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expression, both ammonia excretion and relative CO2 excretion were inhibited in the 
larva of D. rerio. Furthermore, a simultaneous reduction in ammonia excretion was 
detected in the adult D. rerio after a treatment that resulted in the sudden washout of 
CO2 (Perry et al., 2010). Taken together, these studies suggest that Rhgp can have a 
dual role in the transport of both CO2 and ammonia.  
1.5. Urea transporters 
UT are members of the solute transporter family SLC14 that mediate the rapid and 
passive diffusion of urea down its concentration gradient (Levin et al., 2012). In 
mammals, UT-A, which includes six isoforms, and UT-B, which includes two 
isoforms, are derived from two distinct genes, SLC14A2 and SLC14A1, respectively 
(Sands, 1999; Bagnasco, 2003; Smith, 2009; Stewart, 2011). UT-A lacks the ALE 
motif present in UT-B. They are expressed in a wide variety of tissues, but their 
function is best understood in the kidney where they contribute to maintaining the 
high interstitial urea concentration necessary to limit the rate of water loss. In fishes, 
most Ut isoforms belong to the Ut-a2 type (LeMoine and Walsh, 2015), but several 
novel ut cDNAs have been isolated recently, including ut-c in Anguilla japonica 
(Mistry et al., 2005), ut-d1 in Callorhinchus milii (Kakumura et al., 2009) and ut-d2 
in Xiphophorus maculatus (LeMonie and Walsh, 2015).  
Xenopus oocytes expressing mouse UT-A2 and UT-A3 indicate that both 
isoforms are highly specific to urea, and do not facilitate the permeation of water, 
ammonia, or other molecules closely related to urea (formamide, acetamide, 
methylurea, and dimethylurea; Maclver et al., 2008). The urea flux rates of UT-A2 
and UT-A3 are 46,000 ± 10,000 and 59,000 ± 15,000 (means ± SE) urea molecules 
s-1 channel-1, respectively (Maclver et al., 2008). Measurements comparing the 
properties of wild-type and UT-B-null erythrocytes provide evidence that UT-B is 
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highly permeable to urea (Yang et al., 2002). In contrast to UT-A, it is recently 
reported that UT-B is also a water channel in erythrocytes and has a single-channel 
water permeability that is similar to AQP1 (Yang, 2014). 
To date, most of the studies on Ut in fishes focus mainly on the gills and 
kidney. In teleosts, Ut is involved in urea excretion in the gills (see McDonald et al., 
2006, 2012 for reviews). In cartilaginous fishes, Ut is involved in urea reabsorption 
to maintain high urea concentration in the inner medullary interstitium and to set up 
the intrarenal osmotic gradient between the cortex and the inner medulla when the 
supply of urea is limited (see Hyodo et al., 2014 for a review). Furthermore, in 
Squalus acanthias, a Na+-coupled Ut is located at the basolateral membrane of 
branchial cells and involved in shuttling urea leaked into the branchial cell back to 
the plasma (Fines et al., 2001). However, there is little information on the role of Ut 
in other organs, such as the skin and liver, in fishes at present. In P. annectens, the 
transcriptional activation of lfut that occurs in the skin of African lungfishes could 
facilitate urea excretion during the arousal phase of aestivation (Hung et al., 2009). 
In Opansus beta and O. tau, the hepatocytes exhibit substantial inhibition of urea 
influx and efflux by phloretin (Walsh et al., 1994; Walsh and Wood, 1996), but 
Northern analysis of O. beta liver does not detect ut mRNA (Walsh et al., 2000). 
Since there are likely more than one isoform of ut/Ut in fishes (Hyodo et al., 2014; 
LeMoine and Walsh, 2015), a re-evaluation of the role of Ut isoforms and the 





2.1. Problems associated with the three phases of aestivation 
2.1.1. Desiccation  
During the induction and maintenance phases of aestivation, African lungfishes are 
confronted with desiccation. In their natural habitats, African lungfishes escape 
desiccation during the torrid season by burrowing into the mud and secreting mucus 
to form a cocoon in which it remains for a long period (up to months or years) until 
the waters return. The mucus cocoon can apparently protect the aestivating lungfish 
from evaporative water loss during the induction and maintenance phases of 
aestivation. During the arousal phase of aestivation, the lungfish has to absorb water 
from the environment for rehydration. At present, there is little information 
concerning mucus secretion and cocoon formation during the induction phase and 
water absorption for rehydration during the arousal phase in African lungfishes.  
In order to cope with desiccation during the induction and maintenance 
phases and rehydration during the arousal phase, African lungfishes must have 
acquired the ability to regulate water transport through the ubiquitous AQP. AQP 
are a superfamily of integral membrane proteins that generally function for the 
selective passage of water or glycerol (Cerdà and Finn, 2010). They are important 
water channels in the gills and skin of many fishes as they have a major role in 
transepithelial water transport (Madsen et al., 2015). To date, 17 aquaporin 
subfamilies (Aqp0-16) have been described in a wide variety of animals (Finn et al., 
2014), of which AQP0-12 have been categorised into three major groups: classical, 
water-selective AQP (AQP0, -1, -2, -4 and -5), the aquaglyceroporins (AQP3, -7, -9, 
and -10) permeable to glycerol, urea, and ammonia in addition to water, and the 
unorthodox AQP (AQP6, -8, -11, and -12; Litman et al., 2009). Konno et al. (2010) 
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have obtained the full cDNA sequences of aqp0, aqp0p, aqp1aa and aqp3a of P. 
annectens and reported that P. annectens possessed vasopressin-vasotonic receptor-
Aqp0p axis, which was only functional during aestivation, in the kidney. It has been 
established that Aqp1 (Giffard-Mena et al., 2007; An et al., 2008; Ip et al., 2013; 
Kim et al., 2014; Jeong et al., 2014) and Aqp3 (Cutler and Cramb, 2000; Madsen et 
al., 2015) play important roles in water transport in the gills of several fishes. 
However, there is no information on the role of aqp1aa/Aqp1aa, aqp3a/Aqp3a and 
possibly other isoforms of aqp/Aqp in facilitating transepithelial water transport in 
African lungfishes and how these aqp/Aqp are regulated in the gills and skin of P. 
annectens during the three phases of aestivation.  
2.1.2. Accumulation of nitrogenous wastes 
African lungfishes are ammonotelic in water. When they are trapped in a puddle of 
water during drought, the continuous excretion of ammonia would lead to an 
increase in the environmental ammonia concentration, which would further 
increases as the water dries up. The high concentration of environmental ammonia 
may impede ammonia excretion during the early induction phases of aestivation. 
When it come to a point that no water is available to irrigate the gills and to flush the 
skin, ammonia excretion would be largely impeded. Since ammonia is toxic (see 
Chew et al., 2006 and Ip and Chew, 2010b for reviews), aestivating African 
lungfishes are able to ameliorate ammonia toxicity through decreased ammonia 
production and increased urea synthesis (Chew et al., 2004; Ip et al., 2005a; Loong 
et al., 2005; see Ip and Chew, 2010a and Chew and Ip, 2014 for reviews). African 
lungfishes possess a full complement of ornithine-urea cycle enzymes, including 
glutamine synthetase, carbamoyl phosphate synthetase III (Cps III; Loong et al. 
2012a), ornithine transcarbamylase, argininosuccinate synthase (Ass), 
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argininosuccinate lyase (Asl) and arginase (Arg) in their livers. During the induction 
phase of aestivation, in the mRNA expression levels of cps III (Loong et al., 2012a), 
ass and asl (Chng et al., 2014) increase significantly in the liver of P. annectens, 
indicating an increase in urea synthesis. Urea cannot be excreted by the aestivating 
lungfish due to a lack of water supply, and the urea accumulated in the body during 
the induction and maintenance phases may also function as a putative internal cue 
for aestivation (Ip et al., 2005b). Upon arousal in water, African lungfishes can 
efficiently excrete the excess urea accumulated during the maintenance phase of 
aestivation (Smith, 1930, Janssens, 1964). The transition between ammonotely and 
urea accumulation during the induction phase of aestivation and the transition 
between urea accumulation and ureotely followed with ammonotely during the 
arousal phase of aestivation necessitate the regulation of ammonia and urea transport 
systems which may involve Aqp, Rhgp and Ut. However, the roles of these 
transporters in facilitating ammonia and/or urea transport in aestivating lungfishes 
have not been examined (Aqp and Rhgp) or fully elucidated (Ut). 
2.2. Objectives and hypotheses 
2.2.1. Molecular characterization of aqp/Aqp, rhgp/Rhgp and ut/Ut in the gills, 
skin and liver of P. annectens  
The first objective of this study was to clone and sequence the cDNA coding region 
of aqp, rhgp and ut from the gills, skin and liver of P. annectens. It was 
hypothesized that P. annectens expressed multiple isoforms of aqp/Aqp, rhgp/Rhgp 
and ut/Ut in the three organs. Furthermore, efforts were made to examine the 
dendrogramic relationship of each Aqp, Rhgp and Ut isoforms in P. annectens in the 
hope of providing molecular clues to the evolutionary relationship of lungfishes to 
teleosts and tetrapods.  
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2.2.2 Effects of aestivation on the gene and protein expression of aqp/Aqp, 
rhgp/Rhgp and ut/Ut in the gills, skin and liver  
The second objective was to determine their mRNA expression and, where possible, 
their protein abundances in the gills, skin and liver during the three phases of 
aestivation. For the induction phase of aestivation, it was hypothesized that there 
would be increases in the mRNA expression and/or protein abundance of aqp/Aqp 
in the gills and skin of P. annectens, which could facilitate mucus secretion and 
cocoon formation. Since the cocoon is not completely formed and the ventral skin 
was still in direct contact with water, it was hypothesized that the mRNA expression 
and/or protein abundance of rhgp/Rhgp were up-regulated in the skin of P. 
annectens to facilitate ammonia excretion. Furthermore, there could be decreases in 
the mRNA expression and/or protein abundance of ut/Ut in the gills and skin of P. 
annectens to retain urea in order for it to act as an internal cue for aestivation. As for 
the liver, the hypothesis tested was that the mRNA expression and/or protein 
abundance of aqp8aa/Aqp8aa or rhgp/Rhgp would be up-regulated to facilitate 
ammonia uptake for urea synthesis in the liver of P. annectens. There could also be 
increases in the mRNA expression and/or protein abundance of ut/Ut to facilitate 
urea transport in the liver of P. annectens. 
For the maintenance phase, it was hypothesized that the mRNA expression 
and/or protein abundance of aqp/Aqp would be down-regulated in the gills and skin 
of P. annectens to reduce evaporative water loss. There could be decreases in the 
mRNA expression and/or protein abundance of rhgp/Rhgp in the gills and skin so as 
to complement the impediment of ammonia excretion. Furthermore, there could be 
decreases in the mRNA expression and/or protein abundance of ut/Ut in the gills and 
skin, as urea excretion would come to a halt. In the liver, there could be decreases in 
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the mRNA expression and/or protein abundance of aqp8aa/Aqp8aa or rhgp/Rhgp to 
reduce ammonia transport. However, there could be increases in the mRNA 
expression and/or protein abundance of ut/Ut in the liver in order to facilitate the 
exit of urea to the blood to be transported to other tissues/organs for accumulation. 
For the arousal phase, it was hypothesized that there were increases in the 
mRNA expression and/or protein abundance of aqp/Aqp in the gills and skin of P. 
annectens to facilitate water absorption for rehydration. Since there could be 
increased amino acid metabolism for tissue repair and regeneration during the 
arousal phase, there could be increases in the mRNA expression and/or protein 
abundance of rhgp/Rhgp to facilitate ammonia excretion through the gills and skin 
of P. annectens. Furthermore, there could be increases in the mRNA expression 
and/or protein abundance of ut/Ut in the gills and skin of P. annectens to facilitate 
the excretion of the excess urea accumulated in the body. As followed, there could 
be increases in the mRNA expression and/or protein abundance of ut/Ut in the liver 
to facilitate the exit of urea from hepatocytes to the blood for subsequent excretion. 
2.2.3 Effects of ammonia exposure on the gene and protein expression of 
aqp/Aqp, rhgp/Rhgp and ut/Ut in the gills, skin and liver  
In order to understand the role of aqp/Aqp, rhgp/Rhgp and ut/Ut in ammonia and/or 
urea transport, it is important to examine how aqp/Aqp, rhgp/Rhgp and ut/Ut are 
regulated in the gills and skin of P. annectens during ammonia exposure. In nature, 
aestivating lungfishes may be exposed to environmental ammonia, especially when 
stranded in a small puddle of polluted water. In the laboratory, African lungfishes 
can tolerate exposure to at least 100 mmol l−1 NH4Cl for at least 6 days (Chew et al., 
2005a; Loong et al., 2007). Chew et al. (2005a) estimated the flux of NH3 through 
the skin of P. dolloi to be only 0·003 µmol min−1 cm−2. Subsequently, Loong et al. 
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(2007) reported that the skin of P. aethiopicus also had low permeability to NH3 in 
an Ussing-like apparatus. Protopterus aethiopicus could afford to maintain relatively 
low ammonia contents in its plasma, muscle, liver and brain even after 6 days of 
exposure to 100 mM NH4Cl (Loong et al., 2007). It was capable of decreasing the 
NH3 permeability of its body surface when exposed to high concentrations of 
environmental ammonia (Loong et al., 2007). Therefore, Loong et al. (2007) 
proposed that a decrease in the already low cutaneous NH3 permeability and an 
increased urea synthesis, working in combination, allowed P. aethiopicus to 
effectively defend against environmental ammonia toxicity without elevating the 
plasma ammonia level. Therefore, the second series of objectives of the study were 
to determine the mRNA expression and protein expression of isoforms of aqp/Aqp, 
rhgp/Rhgp and ut/Ut in the gills and skin of P. annectens via qPCR and western blot 
upon exposure to 100 mmol l-1 NH4Cl in fresh water. It was hypothesized that the 
mRNA expression and/or protein abundance of aqp/Aqp and rhgp/Rhgp would be 
down-regulated in the gills and skin to reduce water and/or ammonia flux upon 
exposure ammonia. Furthermore, there could be up-regulation in the mRNA 
expression and/or protein abundance of ut/Ut in the gills and skin to facilitate urea 
excretion. 
2.2.4. Differential transcriptome analysis in the gills of P. annectens during the 
three phases of aestivation 
While working on the individual genes mentioned above, it was discovered that the 
transcript levels of some of these genes (e.g. ut-a2a) increased significantly in the 
gills during the maintenance phase of aestivation. It was also noted that the increases 
in the transcription of some of these genes did not result in increases in the protein 
abundance of the corresponding proteins. Transcription is an energy-intensive 
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process, and hence there appears to be a controversy between metabolic suppression 
to conserve energy and increased transcription to perhaps prepare the aestivating 
lungfish for arousal. Therefore, the author decided to extend the study on the gills of 
P. annectens to elucidate (1) whether the up-regulation in gene expression can be 
extended to other genes in general during aestivation, and especially whether it was 
a general phenomenon during the maintenance phase of aestivation, (2) whether the 
up- or down-regulation of other genes or gene clusters could offer insights into how 
the gills could switch off and switch on its physiological functions, regulate cell 
division and growth, and prevent apoptosis during aestivation, (3) whether the genes 
or gene clusters involved in the transcriptional and translational machineries were 
up-regulated in general, and (4) whether there could be an explanation on the dis-
engagement between transcription and translation of certain genes/proteins during 
the maintenance phase of aestivation.  
Therefore, the author performed differential transcriptomic analyses on the 
gills of P. annectens after 6 days (induction phase) of aestivation, or after 6 months 
(maintenance phase) of aestivation, or after 1 day of arousal from 6 months of 
aestivation, as compared with the freshwater control. Next-generation sequencing 
(NGS) was adopted in this study to analyse the gill transcriptome of P. annectens as 
it is a high throughput sequencing technology capable of producing large volumes of 
information and discovering novel genes and gene clusters even in the absence of a 
reference genome. Furthermore, NGS allows for an efficient and rapid analysis of 
the entire gill transcriptome of P. annectens, as it is equipped with high sensitivity to 
detect transcripts of low abundance/gene reads within a complex genome. NGS can 
also provide a comparison of mRNA expressions between different experimental 
conditions, so it can reveal the up- and down-regulation of gene clusters in the gills. 
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Special emphases were placed on identifying genes and/or gene clusters with 
functions associated with gene expression, structural modification and metabolism, 




3. Materials and Methods 
3.1. Animals 
Specimens of P. annectens (80–150 g body mass) were imported from Central 
Africa through a local fish farm in Singapore. Specimens were maintained in plastic 
aquaria filled with dechlorinated tap water at 25°C in the laboratory. Water was 
changed daily. Sex identification within this weight range is not possible, but 
females represent the main component (up to 98%) of any sampled population of 
Protopterus (Mosille and Mmnoya, 1988). Fish were acclimated to laboratory 
conditions for at least two weeks. During the acclimatization period, fish were fed 
with frozen fish meat. This study was performed in accordance with approved 
protocol IACUC 035/09 granted by the Institutional Animal Care and Use 
Committee of the National University of Singapore. 
3.2. Experimental conditions and collection of samples 
3.2.1. The three phases of aestivation 
Lungfish were induced to aestivate at 27–29°C and 85–90% humidity individually 
in plastic tanks (L29 cm x W19 cm x H17.5 cm) containing 15 ml dechlorinated tap 
water (made 0.3‰ with seawater), following the procedure of Chew et al. (2004). It 
took approximately 6 days for the lungfish to be encased in a brown dried mucus 
cocoon. In this study, these 6 days were counted as part of the aestivation period. 
Hence, for a lungfish aestivated for 12 days, it would have spent approximately 6 
days within the dried mucus cocoon. The lungfish were allowed to aestivate for 6 
months. In order to maintain a high humidity (>90%) within the tank, 1–2 ml of 
water was sprayed onto the side of the tank daily. After 6 months of aestivation, 
some lungfish were aroused by adding 200 ml of water into the tank and breaking up 
the cocoon manually. After a few minutes, the lungfish would swim sluggishly in 
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the water; another 800 ml of water was added to cover the fish. Some lungfish were 
killed with an overdose of neutralized 0.05% MS222 for tissue sampling after 3 or 6 
days (the induction phase), or after 12 days (the early maintenance phase) or 6 
months (the prolonged maintenance phase) of aestivation (N=5 for each group). 
Some lungfish were killed after 1 or 3 days of arousal from 6 months of aestivation 
(the arousal phase) without food (N=5 for each group). The eye, brain, gills, heart, 
liver, spleen, pancreas, gut, kidney, lung, muscle and skin were quickly excised and 
freeze-clamped with aluminum tongs pre-cooled in liquid nitrogen, and kept at -
80°C until analysis. The lungfish kept in fresh water (N=5) served as controls and 
were killed after food was withheld for 96 h. 
3.2.1. Exposure to 100 mmol l-1 NH4Cl in fresh water 
Lungfish were submerged individually in plastic tanks containing 1 or 2 l of water 
(depending on the body mass of the fish) containing 100 mmol l−1 NH4Cl at 25°C. 
The NH4Cl solution was changed every 2 days. The lungfish were killed after 1, 3 or 
6 days of exposure to 100 mmol l-1 NH4Cl with an overdose of neutralized 0.05% 
MS222 for tissue sampling (N=5 for each group). The gills and skin were quickly 
excised and freeze-clamped with aluminum tongs pre-cooled in liquid nitrogen, and 
kept at -80°C until analysis.  
3.3. Cloning, sequencing, dendrogramic analysis and tissue expression 
3.3.1. Total RNA extraction and cDNA synthesis 
Total RNA was extracted from all the samples extracted from P. annectens using Tri 
ReagentTM (Sigma-Aldrich Co., St. Louis, MO, USA), and purified using the Qiagen 
RNeasy Mini Kit (Qiagen GmbH, Hilden, Germany). RNA was quantified 
spectrophotometrically using a BioSpec-nano (Shimadzu, Tokyo, Japan) and RNA 
integrity assessed electrophoretically before storing at -80°C. Assessment of RNA 
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quality to verify RNA integrity prior to cDNA synthesis was performed 
electrophoretically. First strand cDNA was synthesized from 4 µg of total RNA 
using oligo(dT)18 primer and the RevertAid
TM first strand cDNA synthesis kit 
(Fermentas International Inc., Burlington, ON, Canada). 
3.3.2. Polymerase Chain Reaction (PCR) and cloning 
The full coding sequences of rhbg and rhcg have been obtained previously from the 
author’s laboratory. The full coding sequences of aqp1aa, aqp3a and ut-a2a were 
obtained from Genbank, and their accession numbers are AB499798.1, AB499799.1 
and EU716115.1, respectively. 
Partial sequences of aqp8aa, aqp11, rhag, ut-a2b and ut-a2c were obtained 
using gene-specific primers (Table 1) designed from the highly conserved regions 
based on multiple alignments of the respective sequences from various fish species 
available in Genbank (http://www.ncbi.nlm.nih.gov/Genbank/). PCR was performed 
using Dreamtaq polymerase (Fermentas International Inc.), according to the 
manufacturer’s instructions. The thermal cycling conditions were 95°C for 3 min, 
followed by 40 cycles of 95°C for 30 s, 60°C for 30 s, 72°C for 2 min and a final 
extension of 72°C for 10 min. PCR products were separated by gel electrophoresis 
and bands of estimated molecular masses were excised and purified by FavorPrep™ 
Gel Purification Mini Kit (Favorgen Biotech Corp., Ping Tung, Taiwan) according 
to the manufacturer’s instructions. PCR products were cloned into pGEM®-T Easy 
vector (Promega Corporation, Madison, WI, USA). The ligated vector was 
transformed into JM109 competent cells and plated onto Luria-Bertani agar with 
100 μg ml−1 ampicillin, 50 μg ml−1 X-gal and 0.5 mmol l−1 IPTG. Selected white 
colonies were grown overnight in Luria-Bertani broth with ampicillin. The plasmids 
were extracted using the resin-based plasmid miniprep kit (Axygen Biosciences,  
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Table 1. The primer sequences used for PCR. 
Gene Primer sequence (5’to 3’) 
aqp8aa Forward: ATAACACGATGTCCAGAATGAG 
Reverse: GCTCCAATGATGAATGCTG 
aqp11 Forward: ACAACTGTGCTTCAAGGG 
Reverse: CATTACAGCAAACACCATACC 
rhag Forward: AACTGCCAGATCAATGCCT 
Reverse: CGTGTGCCTCTTCTTCCT 





Union city, CA, USA). Sequencing was performed using BigDye® Terminator v3.1 
Cycle Sequencing Kit (Life Technologies Corporation, Carlsbad, California) and 
sequenced using the 3130XL Genetic Analyzer (Life Technologies Corporation). 
Sequence assembly and analysis were performed using Bioedit v7.1.3 (Hall, 1999).  
3.3.3. Rapid amplification of cDNA ends (RACE) 
Total RNA (1 µg) isolated from the gills, skin and liver of P. annectens was reverse 
transcribed into 5’-RACE-Ready cDNA and 3’-RACE-Ready cDNA using 
SMARTerTM RACE cDNA Amplification kit (Clontech Laboratories, Mountain 
View, CA, USA). RACE-PCR were performed using Advantage® 2 PCR kit 
(Clontech Laboratories), with gene-specific RACE primers (Table 2), designed 
based on partial cDNA sequences of aqp8aa, aqp11, rhag, ut-a2b and ut-a2c to 
generate the 5’ and 3’ cDNA fragments respectively. The cycling conditions 
involved 30 cycles of 94°C for 30 s, 65°C for 30 s, and 72°C for 4 min. RACE-PCR 
products were separated using gel electrophoresis, purified and sequenced. Multiple 
sequencing was performed in both directions to obtain the full coding sequence.  
3.3.4. Deduced amino acid sequences and dendrogramic analysis 
The amino acid sequences of the Aqp, Rhgp and Ut isoforms were translated from 
their respective nucleotide sequences using ExPASy Proteomic server 
(http://web.expasy.org/translate/). The deduced amino acid sequences was aligned 
and compared with selected Aqp/AQP, Rhgp/RhGP and Ut/UT sequences from 
various animal species using BioEdit. The transmembrane domains of the translated 
amino acid sequences of the respective Aqp, Rhgp and Ut isoforms were identified 
using MEMSAT3 & MEMSAT-SVM provided by PSIPRED protein structure 




Table 2. The primer sequences used for RACE. 
Gene Primer type Primer sequence (5’to 3’) 
aqp8aa 5’-RACE AGACACAACTGCTGGACCAAATGCT 
3’-RACE GGCTGTTGTGGCTGAAATTATCCTGAC 
aqp11 5’-RACE CATTACAGCAAACACCATACC 
3’-RACE TATCGTTGTATGTTGTGAGGTG 









Potential phosphorylation sites were identified using NetPhos 2.0, and potential N-
glycosylation sites were identified using NetNGlyc 1.0. 
The sequences of the respective Aqp, Rhgp and Ut isoforms were aligned 
using ClustalX2 and dendrogramic relationships were analysed using neighbor-
joining method and 100 bootstrap replicates with Phylip v3.6 (Felsenstein, 2001). 
The selected fish species and their respective amino acid accession numbers used in 
the dendrogramic analyses are indicated in Appendix 1‒8. 
3.3.5. Tissue expression 
PCR was performed on the cDNAs of eye, brain, gill, heart, liver, spleen, pancreas, 
gut, kidney, lung, muscle and skin of P. annectens using gene-specific qPCR 
primers (Table 3) to detect the mRNA expression levels of each gene in various 
tissues. Each PCR was carried out in 10 µl reaction vols. using Dreamtaq 
polymerase (Fermentas International Inc.) with thermal cycling conditions: 95°C for 
3 min, followed by 28 cycles of 95°C for 30 s, 55°C for 30 s, 72°C for 30 s and a 
final extension of 72°C for 10 min. PCR products were then separated by 
electrophoresis in 2% agarose gel. 
3.4. qPCR 
Since it was essential to compare the mRNA expression levels of the respective aqp, 
rhgp and ut isoforms in the same tissue/organ and between tissues/organs, the 
method of absolute quantification with reference to a standard curve was adopted in 
this study. While relative quantitation methods produce only fold-change data, they 
do not allow the interpretation of which gene being the predominant one being 
expressed in a certain condition. Although absolute quantification provides more 




Table 3. The primer sequences used for qPCR. 






































Table 3. (continued). 






























avoid technical errors, and the necessity to create reliable standards for 
quantification and include these standards in every qPCR. 
RNA (4 μg) from the gills, skin and liver of P. annectens were extracted 
using the Qiagen RNeasy Plus Mini Kit (Qiagen GmbH), and reverse-transcribed 
using random hexamer primers with RevertAidTM first strand cDNA synthesis kit 
(Thermo Fisher Scientific, Waltham, MA, USA). To determine the absolute quantity 
of transcripts of the respective aqp, rhgp and ut isoforms in a qPCR reaction, efforts 
were made to produce a pure amplicon (standard) of a defined region of the cDNA, 
as defined by the gene-specific set of qPCR primers (Table 3), from the gills, skin or 
liver of P. annectens following the method of Gerwick et al. (2007). PCR was 
performed with a specific set of qPCR primers and cDNA as a template in a final 
volume of 25 μl with the following cycling conditions: initial denaturation 95°C for 
3 min, followed by 40 cycles of 95°C for 30 s, 60°C for 30 s and 72°C for 30 s and 1 
cycle of final extension of 72°C for 10 min. The PCR product was separated in a 2% 
agarose gel then excised and purified. The nucleotide fragments in the purified 
product was cloned using pGEM®-T Easy vector (Promega Corporation). The 
presence of the insert in the recombinant clones was confirmed by sequencing. The 
cloned circular plasmid was quantified using a BioSpec-nano (Shimadzu). 
qPCR was performed in triplicates using a StepOnePlusTM Real-Time PCR 
System (Life Technologies Corporation). The mRNA expression levels of the 
respective aqp, rhgp and ut isoforms were determined using gene-specific qPCR 
primers (Table 3). The standard cDNA (template) was serially diluted (from 106 to 
102 specific copies per 2 μl). The qPCR reactions contained 5 μl of KAPA SYBR® 
FAST Master Mix (2X) ABI PrismTM (Kapa Biosystems, Woburn, MA, USA), 
forward and reverse qPCR primers each and 1 ng of sample cDNA or various 
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quantities of standard in a total volume of 10 μl. Cycling conditions were 95°C for 
20 s (1 cycle), followed by 40 cycles of 95°C for 3 s and 62°C for 30 s. Data (Ct 
values) were collected at each elongation step. A melt curve analysis was performed 
after each run by increasing the temperature from 60°C to 95°C in 0.3°C increments 
to confirm the presence of a single product only. The PCR products obtained were 
also separated in a 2% agarose gel to verify the presence of a single band. A 
standard curve was obtained from plotting threshold cycle (Ct) on the Y-axis and the 
natural log of concentration (copies μl-1) on the X-axis. The Ct slope, PCR efficiency, 
Y-intercept and correlation coefficient (r2) were calculated using the default setting 
of StepOne™ Software v2.1 (Life Technologies Corporation). Diluted standards 
were stored at -20°C. The concentration used and the PCR efficiencies of the each 
qPCR primer pair are indicated in Table 3. The quantity of transcript in an unknown 
sample was determined from the linear regression line derived from the standard 
curve and expressed as copies of transcripts per ng cDNA.  
3.5. SDS-PAGE and Western blotting 
A commercial firm (GenScript, Piscataway, NJ, USA) was engaged to raise a rabbit 
polyclonal antibody against the epitope sequence of the translated amino acid 
sequences of each Aqp, Rhgp and Ut isoforms of P. annectens. The epitope 
sequences for each primary antibody are indicated in Table 4. 
Western blotting was performed on the gill, skin and liver samples obtained 
from the control fish and fish that had undergone 6 days, or 6 months of aestivation, 
or 1 or 3 days of arousal from 6 months of aestivation, or after 1, 3 or 6 days of 
exposure to 100 mmol l-1 NH4Cl. Individual samples was homogenized twice in five 
volumes (w/v) of ice cold buffer containing 50 mmol l−1 Tris HCl, (pH 7.4), 1 mmol  
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Table 4. The epitope sequences of translated amino acids based on which 
antibodies were designed against for Western blotting. 













l−1 EDTA, 150 mmol l−1 NaCl, 1 mmol l−1 NaF, 1 mmol l−1 Na3VO4, 1% NP-40, 1% 
sodium deoxycholate, 1 mmol l−1 phenylmethylsulfonyl fluoride, and 1× HALT 
protease inhibitor cocktail (Thermo Fisher Scientific) using pre-cooled TissueLyser 
LT (Qiagen GmbH) for 2.5 min at 50 Hz. The homogenate was centrifuged at 
10,000 × g for 20 min at 4°C. The protein concentration in the supernatant obtained 
was determined according to the method of Bradford (1976) and adjusted to 10 μg 
μl−1 with Laemmli buffer (Laemmli, 1970). Samples were heated at 70°C for 15 min, 
and then kept at -80°C until analysis.  
Preliminary experiments showed that the protein abundance of each Aqp, 
Rhgp and Ut isoforms differed in different tissues/organs. The amount of protein 
load and the dilution used for each primary antibody are indicated in Table 5. 
Proteins were separated by SDS-PAGE according to the method of Laemmli (1970) 
using a vertical mini-slab apparatus (Bio-Rad Laboratories, Hercules, CA, USA). 
The validity of antibody binding was verified by peptide competition test. Proteins 
were then electrophoretically transferred onto PVDF membranes using a transfer 
apparatus (Bio-Rad Laboratories). Detection was performed using Pierce™ 
SuperSignal™ West Pico Rabbit Fast Western Kit (Thermo Fisher Scientific), 
according to manufacturer’s instruction. Bands were visualized by 
chemiluminescence (Western Lightning™, PerkinElmer Life Sciences, Boston, MA, 
USA) using X-ray film (Thermo Fisher Scientific) and were processed by a Kodak 
X-Omat 3000 RA processor (Kodak, Rochester, NY, USA). The blots were scanned 
using CanonScan 4400F flatbed scanner in TIFF format at 300 dpi resolution. 
Densitometric quantification of the band intensities was performed using ImageJ 
(version 1.40, NIH), calibrated with a calibrated 37 step reflection scanner scale 
(1″× 8″; Stouffer #R3705-1C). It would be very difficult to find a reference protein,   
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Table 5. The amount of protein loaded from the gill, skin and liver of P. 
annectens and antibody dilution used for Western blotting. 















40 1:1200 50 1:1200 - - 
Anti-
Aqp3a 
100 1:300 50 1:500 - - 
Anti-
Aqp8aa 
- - - - 200 1:800 
Anti-
Rhag 
100 1:500 100 1:800 - - 
Anti-
Rhbg 
100 1:500 30 1:1000 30 1:1000 
Anti-
Rhcg 
50 1:500 40 1:1000 - - 
Anti- 
Ut-a2a 
200 1:300 100 1:500 200 1:500 
Anti- 
Ut-a2b 









the expression of which would be unaffected throughout the three phases of 
aestivation and upon exposure to 100 mmol l−1 NH4Cl in fresh water. Hence, results 
were expressed as arbitrary densitometric unit per μg protein, i.e. with reference to 
the protein abundance, as reported elsewhere for gulonolactone oxidase (Gulo; 
Ching et al., 2014), Na+/K+-ATPase (Nka; Hiong et al., 2014), betaine-homocysteine 
methyltransferase 1 (Bhmt1; Ong et al., 2015) expression in P. annectens during 
aestivation. Efforts were made to ensure that blotting efficiency, antibody dilution, 
duration of incubation and imaging conditions to be identical for all experimental 
repeats. 
3.6. Transcriptomic analysis by NGS 
3.6.1. cDNA library preparation 
Total RNA from four of the best total RNA samples (high quality RNA integrity, 
RIN > 7.0) were selected from each of the following conditions: exposure to fresh 
water, or 6 days (induction phase) of aestivation, or after 6 months (maintenance 
phase) of aestivation, or after 1 day of arousal from 6 months of aestivation. A total 
of 16 cDNA libraries for the individual replicate samples were constructed using 
TruSeq® Stranded mRNA Sample Preparation Kit (Illumina Inc.) according to 
manufacturer’s instructions. The mRNA samples were purified and extracted from 
total RNA using oligo (dT)18-attached magnetic beads. The purified mRNA was 
subsequently fragmented and converted to first strand cDNA using SuperScript® II 
reverse transcriptase (Thermo Fisher Scientific Inc.). Double-stranded cDNA was 
synthesized using Second Strand Marking Master Mix (Illumina Inc.) and purified 
with Agencourt AMPure XP beads (Beckman Coulter, Brea, CA, USA). RNA 
adapter indices were ligated to the 3’ ends of the double-stranded cDNA and 
amplified by PCR with primers that annealed to the ends of the adapters. The size 
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and purity of the cDNA libraries were determined using a 2100 BioAnalyzer and 
DNA-1000 kit (Agilent Technologies, Santa Clara, CA, USA) and their quantity 
were measured via qPCR using the LightCycler® 480 real-time PCR system (Roche 
Diagnostics, Basel, Switzerland). Equal amounts of DNA from each of the four 
cDNA libraries were used for 76-bp single end sequencing on HiSeq 2000 
sequencing platform. The raw reads were cleaned by removing adaptor sequences 
and low quality sequences based on Illumina Pipeline quality scores.  
3.6.2. de novo assembly 
The cleaned single-end reads were imported into CLC Genomics Workbench 8.0 
(Qiagen GmbH). Reads were trimmed using the modified-Mott trimming algorithm 
(error probability limit = 0.01; maximum ambiguous nucleotides allowed = 2). 
Reads from the 16 cDNA libraries were used to assemble contigs for the combined 
lungfish gill transcriptome. De Brujin graph approach was used to perform de novo 
assembly of the contigs of certain length or k-mer. After experimenting with 
different k-mers, k-mer of 35 was selected as it has the highest reads in pairs (79.8%) 
mapped back to the assembled contigs and longest N50 contig length (1316 bp) 
obtained. Other parameters used included a bubble size of 100, a minimum contig 
length of 200 bases and performed scaffolding. Reads mapping back to the de novo 
assembled contigs was done using a local alignment at mismatch score of 2, 
insertion cost and deletion cost of 3. A filtering threshold of length fraction 0.8 and 
similarity 0.8 were applied for reads to be included in the mapping and further 
computed as average coverage of the contigs.  
3.6.3. in silico validation and annotation 
42 Sanger-sequenced complete coding sequences of P. annectens were downloaded 
from NCBI nucleotide database (http://www.ncbi.nlm.nih.gov/nuccore/; Appendix 9) 
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and compared (using blastn), with the sequences obtained from the combined gill 
transcriptome, to assess the quality of the assembled contigs. All the assembled 
contigs from the combined gill transcriptome with average coverage ≥ 20 were 
blastx to NCBI’s non-redundant database for Homo sapiens, Latimeria chalumnae, 
Danio rerio and Oreochromis niloticus using CLC Genomics Workbench 8.0 
(Qiagen GmbH) to annotate the contigs.  
3.6.4. RNA-seq mapping and expression analysis 
In order to estimate the relative differences in transcript abundance of the assembled 
contigs in the gills of P. annectens after 6 days (induction phase) of aestivation, or 
after 6 months (maintenance phase) of aestivation, or after 1 day of arousal from 6 
months of aestivation as compared to the freshwater control, the reads from each 
library were mapped to the combined gill transcriptome using the following settings: 
minimum length fraction of 0.8, minimum similarity fraction of 0.8, mismatch cost 
of 2, insertion cost of 3, deletion cost of 3 and maximum number of hits for a read of 
10. The read counts that were mapped to each assembled contig were normalized to 
Reads Per Kilobase of transcript per Million mapped reads (RPKM) for the 
expression values, taking into account the contig length and the total reads of each 
library (Mortazavi et al., 2008). The expression value in RPKM for each contig was 
used to estimate the expression ratio (RPKM of experimental/RPKM of control). P-
values were computed using Student’s t-test and corrected for multiple testing using 
false discovery rate (FDR) adjustment.  
3.6.5. Functional annotation 
Contigs of H. sapiens homolog with an E-value < 1.0E-30 and average coverage ≥ 
20-fold were considered as contigs with high homology to a known human gene. 
These contigs were then submitted to Ingenuity Pathway Analysis™ (IPA) to 
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convert the Refseq accession ID to gene symbols and to identify the cellular location 
and the functional type of the encoded protein products. Subsequently, gene set 
enrichment analysis (GSEA) was used for the functional annotation of the combined 
gill transcriptome. GSEA analyzed the transcriptome data to identify genes 
coordinately regulated in predefined gene sets from various biological pathways 
(Subramanian et al., 2005). First, a ranked list was obtained by ranking all the 
human gene symbols according to the ranking metric log10(1/p), where p is the p-
values of the expression ratio of the contigs computed using Student’s t-test. The up-
regulated genes were assigned with positive values of log10(1/p), whereas the down-
regulated genes were assigned with negative values of log10(1/p). The 
“GSEAPreranked” tool of GSEA was used for the analysis, with settings of the 
number of permutation of 1000 and the enrichment statistics using default weighted 
scoring scheme. The pre-ranked list of genes was then compared to pre-defined gene 
sets obtained from Reactome Pathway Database (Croft et al., 2010). Reactome 
pathways with FDR < 0.05 were considered as statistically significant.  
3.7. Statistical analyses  
Results were presented as means ± standard errors of the mean (S.E.M.). For qPCR 
and Western blotting results, statistical analyses were performed using SPSS version 
18 (SPSS Inc, Chicago, USA). Homogeneity of variance was checked using 
Levene’s Test. Differences between means were tested using one-way analysis of 
variance followed by multiple comparisons of means by either the Tukey or Dunnett 
T3 post-hoc test, depending on the homogeneity of variance of the data set. 




4. CHAPTER 1 - Aestivation 
4.1. Results 
4.1.1. aqp1aa/Aqp1aa 
4.1.1.1. Nucleotide sequence of aqp1aa and the deduced Aqp1aa amino acid 
sequence 
The complete coding cDNA sequence of aqp1aa from P. annectens consisted of 798 
bp, coding for 265 amino acids with an estimated molecular mass of 28.6 kDa 
(Appendix 10). The deduced amino acid sequence of Aqp1aa of P. annectens had 
six transmembrane domains (Fig. 3). An alignment of Aqp1aa of P. annectens with 
Aqp1/AQP1 from human, mouse, frog and two other fishes (coelacanth and 
climbing perch) indicated that the asparagine–proline–alanine (NPA) motifs, the 
substrate discriminating residues at the aromatic/arginine (ar/R) constriction site 
(F63. H187, C196 and R202) and the central pore-lining residues (V57, L61, L177 
and L181) were highly conserved (Fig. 3). Nine potential phosphorylation sites and 
two N-glycosylation sites were identified in Aqp1aa in P. annectens (Fig. 3). 
4.1.1.2. Amino acid sequence comparison of Aqp1aa 
A comparison of the deduced amino acid sequence of Aqp1aa of P. annectens with 
other Aqp1/AQP1 indicated that it shared the highest sequence similarity with 
mammalian AQP1 (60.6–64.8%), followed by amphibian Aqp1 (53.4–60.5%), 
actinopterygian Aqp1/Aqp1a (51.6–58.3%), L. chalumnae Aqp1 (57.6%) and  
actinopterygian Aqp1b (49.0–53.3%, Table 6), highly indicative of its identity as 
Aqp1aa. 
4.1.1.3. Phylogenetic analysis of Aqp1aa 
The Aqp1aa of P. annectens had a close phylogenetic relationship with Aqp1 of L. 
chalumnae, and was closer to tetrapods than to actinopterygians (Fig. 4).  
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4.1.1.4. Tissue expression of aqp1aa 
The expression of aqp1aa was detected strongly in the gills, heart, lung and skin, but 
weakly in the eyes, brain, spleen, kidney and muscle of P. annectens kept in fresh 
water (Fig. 5a). By contrast, the expression of aqp1aa was detected weakly in the 
brain, gills, heart, kidney, lung, muscle and skin of P. annectens after 6 months of 
aestivation (Fig. 5b). 
4.1.1.5. Effects of aestivation on aqp1aa mRNA expression levels in the gills of P. 
annectens 
There were significant decreases in the mRNA expression levels of aqp1aa in the 
gills of P. annectens after 3 days (by 78%), 6 days (by 63%), 12 days (by 95%) or 6 
months (by 95%) of aestivation, or after 1 day (by 67%) or 3 days (by 76%) of 
arousal from 6 months of aestivation (Fig. 6).  
4.1.1.6. Effects of aestivation on aqp1aa mRNA expression levels in the skin of P. 
annectens 
There were significant increases in the mRNA expression levels of aqp1aa in the 
skin of P. annectens on day 3 (2.1-fold) and day 6 (1.4-fold) of aestivation (Fig. 7). 
The mRNA expression level of aqp1aa in the skin of P. annectens was comparable 
to that of the freshwater control after 12 days of aestivation, but it decreased 
significantly by 62% after 6 months of aestivation as compared to control values 
(Fig. 7). The mRNA expression level of aqp1aa in the skin of P. annectens returned 
to the control level on day 1 of arousal (Fig. 7).  
4.1.1.7. Effects of aestivation on protein abundance of Aqp1aa in the gills of P. 
annectens 
While the protein abundance of Aqp1aa remained unchanged in the gills of P. 
annectens after 6 days of aestivation, it decreased significantly after 6 months (by 
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69%) of aestivation, or after 1 day (by 75%) or 3 days (by 24%) of arousal from 6 
months of aestivation as compared to that of freshwater control (Fig. 8). 
4.1.1.8. Effects of aestivation on protein abundance of Aqp1aa in the skin of P. 
annectens 
The protein abundance of Aqp1aa remained unchanged in the skin of P. annectens 
after 6 days of aestivation, but it increased significantly after 6 months (1.3-fold) of 
aestivation, or after 1 day (1.8-fold) of arousal from 6 months of aestivation (Fig 9). 
The protein abundance of Aqp1aa in the skin of P. annectens returned to the control 




Figure 3. Molecular characterization of aquaporin 1aa (Aqp1aa) from 
Protopterus annectens. A multiple amino acid alignment of Aqp1aa from P. 
annectens with Anabas testudineus Aqp1aa (AGF30363.1), Xenopus laevis Aqp1 
(NP_001085391.1), Mus musculus AQP1 (EDK98728.1) and Homo sapiens AQP1 
(CAQ51480.2). Identical amino acid residues are indicated by asterisks, strongly 
similar amino acids are indicated by colons and weakly similar amino acids are 
indicated by periods. Substrate discrimination residues at the aromatic/arginine (ar/R) 
constriction site are indicated with open triangles. Central pore-lining residues are 
indicated with open diamonds. The binding site for AQP1-inhibitor HgCl2 is 
indicated by a five-point star. The asparagine–proline–alanine (NPA) motifs are 
underlined. Potential N-glycosylation and phosphorylation sites are indicated by 
open and shaded arrows, respectively. The predicted transmembrane domains 
(TM1‒6) of Aqp1aa of P. annectens are indicated by open boxes and were predicted 









Table 6. The percentage similarity between the deduced amino acid sequence of 
aquaporin 1aa (Aqp1aa) from Protopterus annectens and Aqp1/AQP1 
sequences from other animal species obtained from GenBank (accession 
numbers in brackets). Sequences are arranged in a descending order of similarity. 
Classification Species Similarity 
Mammals Homo sapiens AQP1 (CAQ51480.2) 64.8% 
 Pongo abelii AQP1 (NP_001126220.1) 64.8% 
 Mus musculus AQP1 (EDK98728.1) 63.7% 
 Rattus norvegicus AQP1 (EDL88090.1) 63.3% 
 Sus scrofa AQP1 (NP_999619.1) 62.7% 
 Canis lupus familiaris AQP1 (NP_001003130.1) 61.9% 
 Bos taurus AQP1 (ABF57368.1) 61.2% 
 Ovis aries AQP1 (AAB63463.1) 60.6% 
Amphibians Xenopus laevis Aqp1 (NP_001085391.1) 60.5% 
 Xenopus (Silurana) tropicalis Aqp1 
(NP_001005829.1) 
60.5% 
 Rhinella marina Aqp1 (AAA67782.1) 53.4% 
Actinopterygians Takifugu obscurus Aqp1 (ADG86337.1) 58.3% 
 Osmerus mordax Aqp1 (ACO09149.1) 58.1% 
 Poecilia formosa Aqp1 (XP_007548683.1) 57.9% 
 Anabas testudineus Aqp1aa (AGF30363.1) 57.9% 
 Acanthopagrus schlegelii Aqp1 (ABO38816.1) 57.9% 
 Rhabdosargus sarba Aqp1 (AEG78286.1) 57.9% 
 Diplodus sargus Aqp1 (AEU08496.1) 57.9% 
 Sparus aurata Aqp1a (ABM26907.1) 57.9% 
 Dicentrarchus labrax Aqp1 (ABI95464.2) 57.6% 
 Fundulus heteroclitus Aqp1 (ACI49538.1) 57.6% 
 Danio rerio Aqp1 (ACA29537.1) 56.7% 
 Anguilla japonica Aqp1a (BAC82109.1) 56.5% 
 Oryzias dancena Aqp1 (BAN17349.1) 56.1% 
 Anguilla anguilla Aqp1a (CAD92027.1) 56.1% 
 Cynoglossus semilaevis Aqp1 (ADG21868.1) 55.7% 
 Danio rerio Aqp1a (NP_996942.1) 55.5% 
 Cyprinus carpio Aqp1a1-1 (BAS18938.1) 55.2% 
 Anguilla anguilla Aqp1b (ABM26906.1) 53.3% 
 Salmo salar Aqp1b (NP_001133472.1) 53.1% 
 Anguilla japonica Aqp1b (BAK53383.1) 52.9% 
 Oryzias latipes Aqp1 (XP_011485314.1) 51.6% 
 Sparus aurata Aqp1b (ABM26908.1) 49.0% 




Figure 4. A dendrogram of aquaporin 1 (Aqp1/AQP1) including Aqp1aa of 
Protopterus annectens. Numbers presented at each branch point represent bootstrap 






Figure 5. Tissue expression of aquaporin 1aa (aqp1aa) in Protopterus annectens. 
Tissue expression of aqp1aa were examined in the eyes (E), brain (B), gills (Gi), 
heart (H), liver (Li), spleen (Sp), pancreas (P), gut (Gu), kidney (K), Lung (Lu), 
muscle (Mu), and skin (Sk), of P. annectens (a) kept in fresh water (FW) or (b) after 
6 months (M) of aestivation. 
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Figure 6. mRNA expression levels of aquaporin 1aa (aqp1aa) in the gills of 
Protopterus annectens during the three phases of aestivation. Absolute 
quantification of mRNA (×102 copies of transcripts per ng cDNA) of aqp1aa in the 
gills of P. annectens kept in fresh water on day 0 (FW; control), or after 3 or 6 days 
(d; induction phase) of aestivation, or after 12 days or 6 months (M; maintenance 
phase) of aestivation, or after 1 or 3 days of arousal (Ar) from 6 months of 
aestivation. Results represent means ± S.E.M (N=4). Means not sharing the same 




























































Figure 7. mRNA expression levels of aquaporin 1aa (aqp1aa) in the skin of 
Protopterus annectens during the three phases of aestivation. Absolute 
quantification of mRNA (×102 copies of transcripts per ng cDNA) of aqp1aa in the 
skin of P. annectens kept in fresh water on day 0 (FW; control), or after 3 or 6 days 
(d; induction phase) of aestivation, or after 12 days or 6 months (M; maintenance 
phase) of aestivation, or after 1 or 3 days of arousal (Ar) from 6 months of 
aestivation. Results represent means ± S.E.M (N=4). Means not sharing the same 





























































Figure 8. Protein abundance of aquaporin 1aa (Aqp1aa) in the gills of 
Protopterus annectens during the three phases of aestivation. Protein abundance 
of Aqp1aa in the gills of P. annectens kept in fresh water on day 0 (FW; control), or 
after 6 days (induction phase) of aestivation, or after 6 months (M; maintenance 
phase) of aestivation, or after 1 or 3 days of arousal (Ar) from 6 months of 
aestivation. (a) Immunoblot of Aqp1aa. (b) The protein abundance of Aqp1aa 
expressed as arbitrary densitometric units per 40 µg protein. Results represent mean 
± S.E.M. (N=3). Means not sharing the same letter are significantly different 
(P<0.05). 
(a) 













































































Figure 9. Protein abundance of aquaporin 1aa (Aqp1aa) in the skin of 
Protopterus annectens during the three phases of aestivation. Protein abundance 
of Aqp1aa in the skin of P. annectens kept in fresh water on day 0 (FW; control), or 
after 6 days (induction phase) of aestivation, or after 6 months (M; maintenance 
phase) of aestivation, or after 1 or 3 days of arousal (Ar) from 6 months of 
aestivation. (a) Immunoblot of Aqp1aa. (b) The protein abundance of Aqp1aa 
expressed as arbitrary densitometric units per 50 µg protein. Results represent mean 
± S.E.M. (N=3). Means not sharing the same letter are significantly different 
(P<0.05). 
(a) 












































































4.1.2.1. Nucleotide sequence of aqp3a and the deduced Aqp3a amino acid 
sequence 
The complete coding cDNA sequence of aqp3a from P. annectens consisted of 888 
bp, coding for 295 amino acids with an estimated molecular mass of 31.7 kDa 
(Appendix 11). A hydropathy analysis revealed that the deduced amino acid 
sequence of Aqp3a of P. annectens had six transmembrane domains (Fig. 10).  
Efforts were made to compare Aqp3a of P. annectens with Escherichia coli 
glycerol facilitator (GlpF), as its high resolution crystal structure had been resolved 
and based on which theories of water and glycerol conduction by aquaglyceroporins 
had been formulated (Fu et al, 2000; Jensen et al., 2001). An alignment of Aqp3a of 
P. annectens with E. coli GlpF and Aqp3/AQP3 from human, mouse, frog and fish 
revealed highly conserved NPA motifs (Fig. 10). The residues at the ar/R 
constriction site (F63. G214, Y215 and R221) of P. annectens Aqp3a were 
conserved in Aqp3/AQP3 from human, mouse, X. laevis and D. rerio. Notably, 
G214, Y215, and R221 of P. annectens Aqp3a are also referred as the glycerol 
binding sites. However, W63 and F215 in E. coli GlpF were replaced with F63 and 
Y215 in P. annectens Aqp3a (Fig. 10). The threonine-arginine-leucine-leucine 
(YRLL) basolateral targeting motif was replaced with NKLL in P. annectens Aqp3a 
(Fig. 10). There were seven potential phosphorylation sites in Aqp3a in P. annectens 
(Fig. 10). 
4.1.2.2. Amino acid sequence comparison of Aqp3 
A comparison of the deduced amino acid sequence of Aqp3a of P. annectens with 
other Aqp3/AQP3 indicated that it shared the highest sequence similarity with 
amphibian Aqp3 (69.1–70.1%), followed by mammal AQP3 (67.7–69.8%), 
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actinopterygian Aqp3 (62.0–68.8%) and L. chalumnae Aqp3 (68.4%; Table 7). 
Notably, Aqp3a of P. annectens had a higher sequence similarity with Aqp3a of D. 
rerio (68.8%) than Aqp3b of D. rerio (66.8%), suggesting that it belonged to the 
Aqp3a group.  
4.1.2.3. Phylogenetic analysis of Aqp3a 
The Aqp3a of P. annectens had a close phylogenetic relationship with Aqp3 of L. 
chalumnae, and was closer to tetrapods than to actinopterygians (Fig. 11).  
4.1.2.4. Tissue expression of aqp3a 
The expression of aqp3a was detected strongly in the brain, gills, heart, liver, spleen, 
pancreas, gut, kidney, lung, muscle and skin of P. annectens kept in fresh water (Fig. 
12a). The expression of aqp3a was detected strongly in the spleen, gut, skin, but 
weakly in the brain, gills, liver, kidney and lung of P. annectens after 6 months of 
aestivation (Fig. 12b). 
4.1.2.5. Effects of aestivation on aqp3a mRNA expression levels in the gills of P. 
annectens 
The mRNA expression levels of aqp3a decreased significantly in the gills of P. 
annectens after 6 days (by 50%), 12 days (by 39%) or 6 months (by 61%) of 
aestivation (Fig. 13). However, there were significant increases in the mRNA 
expression levels of aqp3a in the gills of P. annectens after 1 day (2.5-fold) or 3 
days (1.4-fold) of arousal from 6 months of aestivation as compared to control 
values (Fig. 13).  
4.1.2.6. Effects of aestivation on aqp3a mRNA expression levels in the skin of P. 
annectens 
There were significant increases in the mRNA expression levels of aqp3a in the skin 
of P. annectens after 3 days (1.5-fold), 6 days (1.7-fold), or 12 days (1.4-fold) of 
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aestivation (Fig. 14). The mRNA expression level of aqp3a in the skin of P. 
annectens was comparable to that of the freshwater control after 6 months of 
aestivation (Fig. 14). Significant increases in the mRNA expression levels of aqp3a 
were observed in the skin of P. annectens after 1 day (1.8-fold) or 3 days (2.9-fold) 
of arousal from 6 months of aestivation as compared to control values (Fig. 14).  
4.1.2.7. Effects of aestivation on aqp3a mRNA expression levels in the liver of P. 
annectens 
While the mRNA expression levels of aqp3a remained unchanged in the liver of P. 
annectens during the induction phase of aestivation, it decreased significantly after 
12 days (by 32%) or 6 months (by 48%) of aestivation as compared to control fish 
(Fig. 15). The mRNA expression level of aqp3a returned to control level in the liver 
of P. annectens after 1 day of arousal, but it increased significantly by 1.6-fold after 
3 day of arousal from 6 months of aestivation as compared to control fish (Fig. 15). 
4.1.2.8. Effects of aestivation on protein abundance of Aqp3a in the gills of P. 
annectens 
The protein abundance of Aqp3a remained unchanged in the gills of P. annectens 
after 6 days of aestivation, but it decreased significantly after 6 months (by 83%) of 
aestivation, or after 1 day (by 57%) of arousal from 6 months of aestivation (Fig. 16). 
The protein abundance of Aqp3a in the gills of P. annectens returned to the control 
level on day 3 of arousal (Fig. 16).  
4.1.2.9. Effects of aestivation on protein abundance of Aqp3a in the skin of P. 
annectens 
The protein abundance of Aqp3a decreased significantly in the skin of P. annectens 
after 6 days (by 68%) of aestivation, or after 6 months (by 98%) of aestivation, or 
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after 1 day (by 94%) or 3 days (by 99%) of arousal from 6 months of aestivation 
(Fig 17).   
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Figure 10. Molecular characterization of aquaporin 3a (Aqp3a) from 
Protopterus annectens. A multiple amino acid alignment of Aqp3a from P. 
annectens with Danio rerio Aqp3a (AAH44188.1), Xenopus laevis Aqp3 
(NP_001081876.1), Mus musculus AQP3 (BAB03270.1), Homo sapiens AQP3 
(AAY68214.1) and Escherichia coli glycerol facilitator (GlpF; BAB03270.1). 
Identical amino acid residues are indicated by asterisks, strongly similar amino acids 
are indicated by colons and weakly similar amino acids are indicated by periods. 
Substrate discrimination residues at the aromatic/arginine (ar/R) constriction site are 
indicated with open triangles. Glycerol binding sites are indicated with shaded 
triangles. The threonine-arginine-leucine-leucine (YRLL) basolateral targeting 
motifs found in mammalian AQP3 (Cohly et al., 2008) and asparagine–proline–
alanine (NPA) motifs are underlined. Potential phosphorylation sites are indicated 
by shaded arrows. The predicted transmembrane domains (TM1‒6) of Aqp3a of P. 
annectens are indicated by open boxes and were predicted using MEMSATS & 








Table 7. The percentage similarity between the deduced amino acid sequence of 
aquaporin 3a (Aqp3a) from Protopterus annectens and Aqp3/AQP3 sequences 
from other animal species obtained from GenBank (accession numbers in 
brackets). Sequences are arranged in a descending order of similarity. 
Classification Species Similarity 
Amphibians Xenopus (Silurana) tropicalis Aqp3 
(CAJ82459.1) 
70.1% 
 Xenopus laevis Aqp3 (NP_001081876.1) 69.1% 
Mammals Pan troglodytes AQP3 (JAA01153.1) 69.8% 
 Homo sapiens AQP3 (AAY68214.1) 69.4% 
 Bos taurus AQP3 (NP_001073262.1) 69.4% 
 Sus scrofa AQP3 (ABW06862.1) 69.4% 
 Rattus norvegicus AQP3 (EDL98656.1) 69.4% 
 Macaca mulatta AQP3 (NP_001244972.1) 69.1% 
 Mus musculus AQP3 (BAB03270.1) 68.1% 
 Rattus rattus AQP3 (BAA04559.1) 67.7% 
Actinopterygians Anguilla japonica Aqp3 (BAH89253.1) 68.8% 
 Danio rerio Aqp3a (AAH44188.1) 68.5% 
 Takifugu rubripes Aqp3 (XP_003975282.1) 68.3% 
 Larimichthys crocea Aqp3 (KKF15034.1) 68.1% 
 Anguilla anguilla Aqp3 (CAC85286.1) 67.5% 
 Ictalurus punctatus Aqp3 (AHH37605.1) 67.5% 
 Oryzias dancena Aqp3 (BAP11294.1) 67.3% 
 Dicentrarchus labrax Aqp3 (ABG36519.1) 67.1% 
 Takifugu obscurus Aqp3 (ADG86338.1) 66.9% 
 Poecilia reticulata Aqp3 (XP_008417140.1) 66.8% 
 Poecilia formosa Aqp3 (XP_007562721.1) 66.8% 
 Danio rerio Aqp3b (NP_001159593.1) 66.8% 
 Tribolodon hakonensis Aqp3 (BAB83082.1) 66.5% 
 Notothenia coriiceps Aqp3 (XP_010776959.1) 66.4% 
 Oryzias latipes Aqp3 (XP_004072505.1) 66.3% 
 Sarotherodon melanotheron Aqp3 
(AHA92968.1) 
65.7% 
 Fundulus heteroclitus Aqp3 (NP_001296892.1) 65.4% 
 Oreochromis niloticus Aqp3 (AHY84681.1) 64.8% 
 Oreochromis mossambicus Aqp3 (BAD20708.1) 64.8% 
 Maylandia zebra Aqp3 (XP_004544455.1) 64.8% 
 Cynoglossus semilaevis Aqp3 (XP_008323950.1) 62.0% 




Figure 11. A dendrogram of aquaporin 3 (Aqp3/AQP3) including Aqp3a of 
Protopterus annectens. Numbers presented at each branch point represent bootstrap 






Figure 12. Tissue expression of aquaporin 3a (aqp3a) in Protopterus annectens. 
Tissue expression of aqp3a were examined in the eyes (E), brain (B), gills (Gi), 
heart (H), liver (Li), spleen (Sp), pancreas (P), gut (Gu), kidney (K), Lung (Lu), 
muscle (Mu), and skin (Sk), of P. annectens (a) kept in fresh water (FW) or (b) after 
6 months (M) of aestivation. 
 
100bp 
ladder E B Gi H Li Sp P Gu K Lu Mu Sk 
(a) FW 
 




Figure 13. mRNA expression levels of aquaporin 3a (aqp3a) in the gills of 
Protopterus annectens during the three phases of aestivation. Absolute 
quantification of mRNA (×102 copies of transcripts per ng cDNA) of aqp3a in the 
gills of P. annectens kept in fresh water on day 0 (FW; control), or after 3 or 6 days 
(d; induction phase) of aestivation, or after 12 days or 6 months (M; maintenance 
phase) of aestivation, or after 1 or 3 days of arousal (Ar) from 6 months of 
aestivation. Results represent means ± S.E.M (N=4). Means not sharing the same 



























































Figure 14. mRNA expression levels of aquaporin 3a (aqp3a) in the skin of 
Protopterus annectens during the three phases of aestivation. Absolute 
quantification of mRNA (×103 copies of transcripts per ng cDNA) of aqp3a in the 
skin of P. annectens kept in fresh water on day 0 (FW; control), or after 3 or 6 days 
(d; induction phase) of aestivation, or after 12 days or 6 months (M; maintenance 
phase) of aestivation, or after 1 or 3 days of arousal (Ar) from 6 months of 
aestivation. Results represent means ± S.E.M (N=4). Means not sharing the same 





























































Figure 15. mRNA expression levels of aquaporin 3a (aqp3a) in the liver of 
Protopterus annectens during the three phases of aestivation. Absolute 
quantification of mRNA (×102 copies of transcripts per ng cDNA) of aqp3a in the 
liver of P. annectens kept in fresh water on day 0 (FW; control), or after 3 or 6 days 
(d; induction phase) of aestivation, or after 12 days or 6 months (M; maintenance 
phase) of aestivation, or after 1 or 3 days of arousal (Ar) from 6 months of 
aestivation. Results represent means ± S.E.M (N=4). Means not sharing the same 


























































Figure 16. Protein abundance of aquaporin 3a (Aqp3a) in the gills of 
Protopterus annectens during the three phases of aestivation. Protein abundance 
of Aqp3a in the gills of P. annectens kept in fresh water on day 0 (FW; control), or 
after 6 days (induction phase) of aestivation, or after 6 months (M; maintenance 
phase) of aestivation, or after 1 or 3 days of arousal (Ar) from 6 months of 
aestivation. (a) Immunoblot of Aqp3a. (b) The protein abundance of Aqp3a 
expressed as arbitrary densitometric units per 100 µg protein. Results represent 
mean ± S.E.M. (N=3). Means not sharing the same letter are significantly different 
(P<0.05). 
(a) 











































































Figure 17. Protein abundance of aquaporin 3a (Aqp3a) in the skin of 
Protopterus annectens during the three phases of aestivation. Protein abundance 
of Aqp3a in the skin of P. annectens kept in fresh water on day 0 (FW; control), or 
after 6 days (induction phase) of aestivation, or after 6 months (M; maintenance 
phase) of aestivation, or after 1 or 3 days of arousal (Ar) from 6 months of 
aestivation. (a) Immunoblot of Aqp3a. (b) The protein abundance of Aqp3a 
expressed as arbitrary densitometric units per 50 µg protein. Results represent mean 
± S.E.M. (N=3). Means not sharing the same letter are significantly different 
(P<0.05). 
(a) 













































































4.1.3.1. Nucleotide sequence of aqp8aa and the deduced Aqp8aa amino acid 
sequence 
The complete coding cDNA sequence of aqp8aa from P. annectens consisted of 759 
bp, coding for 252 amino acids with an estimated molecular mass of 26.5 kDa 
(Appendix 12). The deduced amino acid sequence of Aqp8aa of P. annectens had 
six transmembrane domains (Fig. 18).  
Efforts were made to compare Aqp8aa of P. annectens with Triticum 
aestivum tonoplast intrinsic protein (TaTIP2;1) from which functional 
characterization of Aqp8/AQP8 had been elucidated (Liu et al., 2006; Bert and 
Kaldenhoff, 2007). An alignment of Aqp8aa of P. annectens with T. aestivum 
TaTIP2;1 and Aqp8/AQP8 from human, mouse, frog and fish revealed highly 
conserved NPA motifs and less conserved substrate discriminating residues (H90, 
I218, A227, C228 and R233) at the ar/R constriction site (Fig. 18). Notably, G227 
and S228 in wheat TaTIP2;1 were replaced with A227 and C228 in lungfish Aqp8aa 
(Fig. 18). Five potential phosphorylation sites and one N-glycosylation sites were 
identified in Aqp8aa in P. annectens (Fig. 18). 
4.1.3.2. Amino acid sequence comparison of Aqp8aa 
The deduced amino acid sequence of Aqp8aa of P. annectens had the highest 
sequence similarity with L. chalumnae Aqp8 (56.5%), followed by those of 
amphibians (47.9–55.3%), mammals (53.0–55.0%) and actinopterygians (45.3–
51.1%; Table 8). Notably, Aqp8aa of P. annectens had the highest sequence 
similarity with actinopterygian Aqp8aa (49.0–50.3%) compared to actinopterygian 
Aqp8ab (46.3–46.4%) and Aqp8b (47.4%; Table 8), suggesting that it belongs to the 
Aqp8aa group.  
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4.1.3.3. Phylogenetic analysis of Aqp8aa 
The Aqp8aa of P. annectens was grouped together with Aqp8/AQP8 of coelacanth 
and tetrapods, separated from actinopterygian Aqp8 (Fig. 19).  
4.1.3.4. Tissue expression of aqp8aa 
The expression of aqp8aa was detected strongly in the liver, pancreas and gut of P. 
annectens kept in fresh water (Fig. 20a) or after 6 months of aestivation (Fig. 20b).  
4.1.3.5. Effects of aestivation on aqp8aa mRNA expression levels in the liver of 
P. annectens 
While the mRNA expression levels of aqp8aa remained unchanged in the liver of P. 
annectens during the induction and early maintenance phases of aestivation, it 
decreased significantly after 6 months (by 46%) of aestivation as compared to 
control fish (Fig. 21). The mRNA expression level of aqp8aa returned to control 
level in the liver of P. annectens after 1 day of arousal, but it increased significantly 
by 1.6-fold after 3 day of arousal from 6 months of aestivation as compared to 
control fish (Fig. 21). 
4.1.3.6. Effects of aestivation on protein abundance of Aqp8aa in the liver of P. 
annectens 
There was a significant increase by 4.9-fold in the protein abundance of Aqp8aa in 
the liver of P. annectens on day 6 of aestivation (Fig. 22). Subsequently, the protein 
abundance of Aqp8aa decreased significantly by 91% in the liver of P. annectens 
after 6 months of aestivation as compared to control fish and it returned to control 




Figure 18. Molecular characterization of aquaporin 8aa (Aqp8aa) from 
Protopterus annectens. A multiple amino acid alignment of Aqp8aa from P. 
annectens with Salmo salar Aqp8aa1 (AGS07438.1), Xenopus (Silurana) tropicalis 
Aqp8 (NP_001107728.1), Rattus norvegicus AQP8 (BAA21918.1), Homo sapiens 
AQP8 (BAA34223.1) and Triticum aestivum tonoplast intrinsic protein (TaTIP2;1; 
AAS19468.1). Identical amino acid residues are indicated by asterisks, strongly 
similar amino acids are indicated by colons and weakly similar amino acids are 
indicated by periods. Substrate discrimination residues at the aromatic/arginine (ar/R) 
constriction site are indicated with open triangles. The putative AQP8-inhibitor 
(HgCl2) binding site is indicated by a five-point star. The asparagine–proline–
alanine (NPA) motifs are underlined. Potential N-glycosylation and phosphorylation 
sites are indicated by open and shaded arrows, respectively. The predicted 
transmembrane domains (TM1‒6) of Aqp8aa of P. annectens are indicated by open 
boxes and were predicted using MEMSATS & MEMSAT-SVA provided by 








Table 8. The percentage similarity between the deduced amino acid sequence of 
aquaporin 8aa (Aqp8aa) from Protopterus annectens and Aqp8/AQP8 
sequences from other animal species obtained from GenBank (accession 
numbers in brackets). Sequences are arranged in a descending order of similarity. 
Classification Species Similarity 
Sarcopterygians Latimeria chalumnae Aqp8 (XP_005994818.1) 56.5% 
Amphibians Xenopus (Silurana) tropicalis Aqp8 
(NP_001107728.1) 
55.3% 
 Xenopus laevis Aqp8 (NP_001089643.1) 47.9% 
Mammals Mus musculus AQP8 (AAB68847.1) 55.0% 
 Mus musculus AQP8 isoform 1 (NP_031500.1) 55.0% 
 Pan troglodytes AQP8 (XP_009428791.1) 54.9% 
 Homo sapiens AQP8 (BAA34223.1) 54.5% 
 Rattus norvegicus AQP8 (BAA21918.1) 53.7% 
 Sus scrofa AQP8 (ABW96898.1) 53.7% 
 Bos taurus AQP8 (NP_001193536.1) 53.0% 
Actinopterygians Anguilla japonica Aqp8 (BAH89254.1) 51.1% 
 Danio rerio Aqp8aa (AAH81511.1) 50.3% 
 Ictalurus punctatus Aqp8 (AHH40575.1) 50.0% 
 Sparus aurata Aqp8 (ABK20159.1) 49.8% 
 Esox lucius Aqp8 (XP_010903710.1) 49.6% 
 Salmo salar Aqp8aa1 (AGS07438.1) 49.0% 
 Ictalurus furcatus Aqp8 (ADO28238.1) 48.8% 
 Poecilia formosa Aqp8 (XP_007544163.1) 48.6% 
 Poecilia reticulata Aqp8 (XP_008434661.1) 48.6% 
 Clupea harengus Aqp8 (XP_012694356.1) 48.4% 
 Fundulus heteroclitus Aqp8 (XP_012721780.1) 48.2% 
 Takifugu rubripes Aqp8 (XP_003964594.1) 48.2% 
 Anoplopoma fimbria Aqp8 (ACQ57933.1) 48.0% 
 Salmo salar Aqp8b (AGS07440.1) 47.4% 
 Oncorhynchus keta Aqp8 (AFQ36926.1) 47.4% 
 Maylandia zebra Aqp8 (XP_004562340.1) 47.3% 
 Larimichthys crocea Aqp8 (KKF32023.1) 47.1% 
 Danio rerio Aqp8ab (NP_001073651.1) 46.4% 
 Salmo salar Aqp8ab (AGS07439.1) 46.3% 
 Oryzias dancena Aqp8 (BAN17351.1) 46.3% 




Figure 19. A dendrogram of aquaporin 8 (Aqp8/AQP8) including Aqp8aa of 
Protopterus annectens. Numbers presented at each branch point represent bootstrap 






Figure 20. Tissue expression of aquaporin 8aa (aqp8aa) in Protopterus annectens. 
Tissue expression of aqp8aa were examined in the eyes (E), brain (B), gills (Gi), 
heart (H), liver (Li), spleen (Sp), pancreas (P), gut (Gu), kidney (K), Lung (Lu), 
muscle (Mu), and skin (Sk), of P. annectens (a) kept in fresh water (FW) or (b) after 
6 months (M) of aestivation. 
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Figure 21. mRNA expression levels of aquaporin 8aa (aqp8aa) in the liver of 
Protopterus annectens during the three phases of aestivation. Absolute 
quantification of mRNA (×103 copies of transcripts per ng cDNA) of aqp8aa in the 
liver of P. annectens kept in fresh water on day 0 (FW; control), or after 3 or 6 days 
(d; induction phase) of aestivation, or after 12 days or 6 months (M; maintenance 
phase) of aestivation, or after 1 or 3 days of arousal (Ar) from 6 months of 
aestivation. Results represent means ± S.E.M (N=4). Means not sharing the same 



























































Figure 22. Protein abundance of aquaporin 8aa (Aqp8aa) in the liver of 
Protopterus annectens during the three phases of aestivation. Protein abundance 
of Aqp8aa in the liver of P. annectens kept in fresh water on day 0 (FW; control), or 
after 6 days (induction phase) of aestivation, or after 6 months (M; maintenance 
phase) of aestivation, or after 1 or 3 days of arousal (Ar) from 6 months of 
aestivation. (a) Immunoblot of Aqp8aa. (b) The protein abundance of Aqp8aa 
expressed as arbitrary densitometric units per 200 µg protein. Results represent 
mean ± S.E.M. (N=3). Means not sharing the same letter are significantly different 
(P<0.05). 
(a) 














































































4.1.4.1. Nucleotide sequence of aqp11 and the deduced Aqp11 amino acid 
sequence 
The complete coding cDNA sequence of aqp11 from P. annectens consisted of 870 
bp, coding for 289 amino acids with an estimated molecular mass of 32.2 kDa 
(Appendix 13). An alignment of Aqp11 from P. annectens with Aqp11/AQP11 from 
human, mouse, frog and fish revealed that the residues at the constriction region 
(L89. V216, A225 and L231) were highly conserved (Fig. 23). The pore lining 
residues (C68, H72, Y93, I227 and C239) were less conserved; I227 in lungfish 
Aqp11 was replaced with F227 in Aqp11/AQP11 of human, mouse, frog and fish 
(Fig. 23). Unlike the other Aqp isoforms of P. annectens, Aqp11 of P. annectens 
had seven transmembrane domains and the first NPA motif was replaced by NPT 
(Fig 23). There were eight potential phosphorylation sites and one N-glycosylation 
site in Aqp11 in P. annectens (Fig. 23). 
4.1.4.2. Amino acid sequence comparison of Aqp11 
The deduced amino acid sequence of Aqp11 of P. annectens had the highest 
sequence similarity with L. chalumnae Aqp11 (58.0%), followed by those of 
actinopterygians (46.9–54.9%), X. tropicalis (46.2%) and mammals (35.1–43.8%; 
Table 9).  
4.1.4.3. Phylogenetic analysis of Aqp11 
The Aqp11 of P. annectens had a close phylogenetic relationship with Aqp11 of L. 
chalumnae, and was grouped closer to tetrapods than to actinopterygians (Fig. 24). 
4.1.4.4. Tissue expression of aqp11 
The expression of aqp11 was detected strongly in the liver, pancreas, gut, kidney, 
but weakly in the brain and skin of P. annectens kept in fresh water (Fig. 25a). The 
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expression of aqp11 was detected strongly in the liver, gut and kidney, but weakly in 
the eyes, brain, gills and pancreas of P. annectens after 6 months of aestivation (Fig. 
25b). 
4.1.4.5. Effects of aestivation on aqp11 mRNA expression levels in the liver of P. 
annectens 
While the mRNA expression levels of aqp11 remained unchanged in the liver of P. 
annectens during the induction and early maintenance phases of aestivation, it 
increased significantly after 6 months (1.5-fold) of aestivation, or after 1 day (1.3-
fold) or 3 days (1.4-fold) of arousal from 6 months of aestivation as compared to 




Figure 23. Molecular characterization of aquaporin 11 (Aqp11) from 
Protopterus annectens. A multiple amino acid alignment of Aqp11 from P. 
annectens with four other known Aqp11/AQP11 from Larimichthys crocea 
(KKF15946.1), Xenopus (Silurana) tropicalis (XP_004912256.1), Mus musculus 
(BAC45005.1) and Homo sapiens (AAH40443.1). Identical amino acid residues are 
indicated by asterisks, strongly similar amino acids are indicated by colons and 
weakly similar amino acids are indicated by periods. Residues at the constriction site 
are indicated by open triangles. Residues close to the lining of the aquapore are 
indicated by shaded triangles. The asparagine–proline–alanine (NPA) motifs are 
underlined. Potential N-glycosylation and phosphorylation sites are indicated by 
open and shaded arrows, respectively. The predicted transmembrane domains 
(TM1‒7) of Aqp11 of P. annectens are indicated by open boxes and were predicted 









Table 9. The percentage similarity between the deduced amino acid sequence of 
aquaporin 11 (Aqp11) from Protopterus annectens and Aqp11/AQP11 
sequences from other animal species obtained from GenBank (accession 
numbers in brackets). Sequences are arranged in a descending order of similarity. 
Classification Species Similarity 
Sarcopterygians Latimeria chalumnae Aqp11 (XP_006006366.1) 58.0% 
Actinopterygians Danio rerio Aqp11 (XP_001921668.3) 54.9% 
 Clupea harengus Aqp11 (XP_012691681.1) 54.4% 
 Stegastes partitus Aqp11 (XP_008296672.1) 54.4% 
 Poecilia reticulata Aqp11 (XP_008424713.1) 53.7% 
 Poecilia formosa Aqp11 (XP_007552419.1) 52.6% 
 Fundulus heteroclitus Aqp11 (XP_012708786.1) 52.3% 
 Osmerus mordax Aqp11 (ACO09336.1) 52.0% 
 Larimichthys crocea Aqp11 (KKF15946.1) 50.9% 
 Oryzias dancena Aqp11 (BAN17353.1) 50.2% 
 Takifugu rubripes Aqp11 (XP_003968270.1) 49.9% 
 Oryzias latipes Aqp11 (XP_004076889.1) 49.2% 
 Notothenia coriiceps Aqp11 (XP_010775066.1) 48.8% 
 Pundamilia nyererei Aqp11 (XP_005725445.1) 48.2% 
 Esox lucius Aqp11 (XP_010869109.1) 46.9% 
Amphibian Xenopus (Silurana) tropicalis Aqp11 
(XP_004912256.1) 
46.2% 
Mammals Pan troglodytes AQP11 (JAA18394.1) 43.8% 
 Homo sapiens AQP11 (AAH40443.1) 43.8% 
 Rattus norvegicus AQP11 (BAC45003.1) 43.1% 
 Macaca mulatta AQP11 (AFI36870.1) 43.1% 
 Sus scrofa AQP11 (ABW96897.1) 42.7% 
 Mus musculus AQP11 (BAC45005.1) 42.1% 






Figure 24. A dendrogram of aquaporin 11 (Aqp11/AQP11) including that of 
Protopterus annectens. Numbers presented at each branch point represent bootstrap 
values from 100 replicates. Strongylocentrotus purpuratus Aqp11 is used as 





Figure 25. Tissue expression of aquaporin 11 (aqp11) in Protopterus annectens. 
Tissue expression of aqp11 were examined in the eyes (E), brain (B), gills (Gi), 
heart (H), liver (Li), spleen (Sp), pancreas (P), gut (Gu), kidney (K), Lung (Lu), 
muscle (Mu), and skin (Sk), of P. annectens (a) kept in fresh water (FW) or (b) after 
6 months (M) of aestivation. 
 
100bp 
ladder E B Gi H Li Sp P Gu K Lu Mu Sk 
(a) FW 
 





Figure 26. mRNA expression levels of aquaporin 11 (aqp11) in the liver of 
Protopterus annectens during the three phases of aestivation. Absolute 
quantification of mRNA (×103 copies of transcripts per ng cDNA) of aqp11 in the 
liver of P. annectens kept in fresh water on day 0 (FW; control), or after 3 or 6 days 
(d; induction phase) of aestivation, or after 12 days or 6 months (M; maintenance 
phase) of aestivation, or after 1 or 3 days of arousal (Ar) from 6 months of 
aestivation. Results represent means ± S.E.M (N=4). Means not sharing the same 





























































4.1.5.1. Nucleotide sequence of rhag and the deduced Rhag amino acid sequence 
The complete coding cDNA sequence of rhag from P. annectens consisted of 1311 
bp, coding for 436 amino acids with an estimated molecular mass of 46.8 kDa 
(Appendix 14). A hydropathy analysis revealed that the deduced amino acid 
sequence of Rhag of P. annectens comprised 12 transmembrane regions (Fig. 27).  
Efforts were made to compare the Rh glycoprotein isoforms of P. annectens 
with Nitrosomonas europaea Rh50 and Escherichia coli ammonia transporter 
(AmtB), as their high resolution crystal structure had been resolved and based on 
which theories of NH3/NH4
+ and CO2 conduction by Rh glycoprotein had been 
formulated (Khademi et al., 2004; Zheng et al., 2004; Li et al., 2007). An alignment 
of Rhag from P. annectens with N. europaea Rh50, E. coli AmtB and Rhag/RhAG 
from human, mouse, frog and fish revealed highly conserved residues involved in 
gating of the channel (F138 and F249), NH4
+ binding (G193, H199, F249 and N250) 
and deprotonation of NH4
+ for NH3 conduction (D191, S195, H199 and H359, Fig. 
27). The acidic residues that lined the aperture of human RhCG are D129, E166, 
D218, D278 and E329 (Fig. 44; Gruswitz et al., 2010). In Rhag of P. annectens, 4 
out of 5 acidic pore-lining residues (D137, E175, D232, D293 and A344) were 
conserved (Fig. 27); the acidic residue E352 in human RhCG was replaced with the 
non-polar A344 in P. annectens Rhag. Furthermore, the acidic pore-lining residues 
were not conserved in Rhag, Rhbg and Rhcg of P. annectens. In Rhag of P. 
annectens, 6 out of 9 residues involved in CO2 conductance (L86, F89, D232, A235, 
M236, M294, V295, Q297 and N299) were conserved as compared to N. europaea 
Rh50 (Fig. 27). S235, I294 and A297 in N. europaea Rh50 were replaced with A235, 
M294 and Q297 in P. annectens Rhag (Fig. 27). Notably, the residues involved in 
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CO2 conductance were identical in Rhag and Rhbg of P. annectens. Rhag of P. 
annectens lacked the potential π cation binding sites of E. coli AmtB (Fig. 27). 
There were 13 potential phosphorylation sites and two N-glycosylation sites in Rhag 
of P. annectens (Fig. 27). 
4.1.5.2. Amino acid sequence comparison of Rhag  
The percentage sequence similarity between Rhag of P. annectens and the other Rh 
glycoprotein isoforms of P. annectens ranged from 37.7% to 51.2% (Table 10). A 
comparison of Rhag of P. annectens with Rhag/RhAG of other animal species 
indicated that it had the highest sequence similarity with amphibian Rhag (70.1–
73.1%), followed by those of actinopterygians (69.1–71.7%) and mammals (59.6–
64.9%; Table 10).  
4.1.5.3. Phylogenetic analysis of Rhag 
The Rhag of P. annectens was grouped together with amphibian Rhag, separated 
from the mammal and actinopterygian clades (Fig. 28). 
4.1.5.4. Tissue expression of rhag 
The expression of rhag was detected strongly in the gills, but weakly in the liver, 
spleen, pancreas, gut, kidney and lung of P. annectens kept in fresh water (Fig. 29a). 
The expression of rhag was detected strongly in the gills, but weakly in the liver, 
spleen and kidney of P. annectens after 6 months of aestivation (Fig. 29b). 
4.1.5.5. Effects of aestivation on rhag mRNA expression levels in the gills of P. 
annectens 
There were no significant changes in the mRNA expression levels of rhag in the 
gills of P. annectens during the induction phase of aestivation (Fig. 30). However, 
the mRNA expression level of rhag decreased significantly in the gills of P. 
annectens after 12 days (by 91%) or 6 months (by 64%) of aestivation, or after 1 day 
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(by 64%) or 3 days (by 79%) of arousal from 6 months of aestivation as compared 
with the control fish (Fig. 30). 
4.1.5.6. Effects of aestivation on rhag mRNA expression levels in the skin of P. 
annectens 
There were no significant changes in the mRNA expression levels of rhag in the 
skin of P. annectens during the induction and early maintenance phases of 
aestivation (Fig. 31). However, the mRNA expression level of rhag decreased 
significantly by 72% in the skin of P. annectens after 6 months of aestivation as 
compared to the control fish (Fig. 31). The mRNA expression level of rhag in the 
skin of P. annectens returned to the control level on day 1 of arousal (Fig. 31). 
4.1.5.7. Effects of aestivation on rhag mRNA expression levels in the liver of P. 
annectens 
There were no significant changes in the mRNA expression levels of rhag in the 
liver of P. annectens during the induction phase of aestivation (Fig. 32). However, 
the mRNA expression level of rhag decreased significantly by 85% in the liver of P. 
annectens after 12 days of aestivation as compared to control fish (Fig. 32). The 
mRNA expression level of rhag in the skin of P. annectens returned to the control 
level after 6 months of aestivation (Fig. 32). 
4.1.5.10. Effects of aestivation on protein abundance of Rhag in the gills of P. 
annectens 
The protein abundance of Rhag decreased significantly in the gills of P. annectens 
after 6 days (74%) or 6 months (by 85%) of aestivation (Fig 33). The protein 
abundance of Rhag in the gills of P. annectens returned to the control level after 1 
day of arousal from 6 months of aestivation (Fig. 33). 
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4.1.5.11. Effects of aestivation on protein abundance of Rhag in the skin of P. 
annectens 
While the protein abundance of Rhag remained unchanged in the skin of P. 
annectens during the induction, maintenance and early arousal phases of aestivation, 
it increased significantly by 2.9-fold after 3 days of arousal from 6 months of 




Figure 27. Molecular characterization of rhesus blood group-associated 
glycoprotein (Rhag) from Protopterus annectens. A multiple amino acid 
alignment of Rhag from P. annectens with Anabas testudineus Rhag (AIC81181.1), 
Xenopus (Silurana) tropicalis Rhag (XP_002933645.2), Mus musculus RhAG 
(AAI01942.1), Homo sapiens RhAG (NP_000315.2), Nitrosomonas europaea Rh50 
(AAR24581.1) and Escherichia coli ammonia transporter (AmtB; NP_414985.1). 
Identical amino acid residues are indicated by asterisks, strongly similar amino acids 
are indicated by colons and weakly similar amino acids are indicated by periods. 
Residues involved in NH4
+ binding, deprotonation of NH4
+ for NH3 conduction and 
CO2 conductance are indicated by red, blue and yellow triangles, respectively. The 
phenylalanine gate and the acidic residues important for NH3 permeation are 
indicated by open and shaded diamonds, respectively. The π cation binding sites of 
E. coli AmtB are indicated by “π”. Potential N-glycosylation and phosphorylation 
sites are indicated by open and shaded arrows, respectively. The predicted 
transmembrane domains (TM1‒12) of Rhag of P. annectens are indicated by open 
boxes and were predicted using MEMSATS & MEMSAT-SVA provided by 











Table 10. The percentage similarity between the deduced amino acid sequence 
of rhesus blood group-associated glycoprotein (Rhag) from Protopterus 
annectens and Rhag/RhAG from other animal species obtained from GenBank 
(accession numbers in brackets). Sequences are arranged in a descending order of 
similarity. 
Classification Species Similarity 
Sarcopterygians Protopterus annectens Rhbg  51.2% 
 Protopterus annectens Rhcg  49.1% 
Amphibians Xenopus (Silurana) tropicalis Rhag 
(XP_002933645.2) 
73.1% 
 Xenopus laevis Rhag (BAB13345.1) 70.1% 
Actinopterygians Oncorhynchus mykiss Rhag (ABV24962.1) 71.7% 
 Gasterosteus aculeatus Rhag (ABF69688.1) 71.4% 
 Alcolapia grahami Rhag (AFZ78444.1) 70.8% 
 Danio rerio Rhag (AAQ10011.1) 69.9% 
 Anabas testudineus Rhag (AIC81181.1) 69.8% 
 Cyprinus carpio Rhag (AGN71674.1) 69.4% 
 Opsanus beta Rhag (AEA77167.1) 69.1% 
 Porichthys notatus Rhag (AGA93878.1)  69.1% 
Mammals Macaca mulatta RhAG (NP_001027987.1) 64.9% 
 Pan troglodytes RhAG (NP_001009033.1) 64.0% 
 Homo sapiens RhAG (NP_000315.2) 63.5% 
 Canis lupus familiaris RhAG (AAX39719.1) 62.5% 
 Mus musculus RhAG (AAI01942.1) 62.4% 
 Rattus norvegicus RhAG (EDM18672.1) 60.3% 
 Bos taurus RhAG (NP_776596.1) 59.9% 




Figure 28. A dendrogram of rhesus blood group-associated glycoprotein 
(Rhag/RhAG) including that of Protopterus annectens. Numbers presented at 
each branch point represent bootstrap values from 100 replicates. Ciona intestinalis 





Figure 29. Tissue expression of rhesus blood group-associated glycoprotein (rhag) 
in Protopterus annectens. Tissue expression of rhag were examined in the eyes (E), 
brain (B), gills (Gi), heart (H), liver (Li), spleen (Sp), pancreas (P), gut (Gu), kidney 
(K), Lung (Lu), muscle (Mu), and skin (Sk), of P. annectens (a) kept in fresh water 
(FW) or (b) after 6 months (M) of aestivation. 
 
100bp 
ladder E B Gi H Li Sp P Gu K Lu Mu Sk 
(a) FW 
 





Figure 30. mRNA expression levels of rhesus blood group-associated 
glycoprotein (rhag) in the gills of Protopterus annectens during the three phases 
of aestivation. Absolute quantification of mRNA (×104 copies of transcripts per ng 
cDNA) of rhag in the gills of P. annectens kept in fresh water on day 0 (FW; 
control), or after 3 or 6 days (d; induction phase) of aestivation, or after 12 days or 6 
months (M; maintenance phase) of aestivation, or after 1 or 3 days of arousal (Ar) 
from 6 months of aestivation. Results represent means ± S.E.M (N=4). Means not 


























































Figure 31. mRNA expression levels of rhesus blood group-associated 
glycoprotein (rhag) in the skin of Protopterus annectens during the three phases 
of aestivation. Absolute quantification of mRNA (×102 copies of transcripts per ng 
cDNA) of rhag in the skin of P. annectens kept in fresh water on day 0 (FW; 
control), or after 3 or 6 days (d; induction phase) of aestivation, or after 12 days or 6 
months (M; maintenance phase) of aestivation, or after 1 or 3 days of arousal (Ar) 
from 6 months of aestivation. Results represent means ± S.E.M (N=4). Means not 


























































Figure 32. mRNA expression levels of rhesus blood group-associated 
glycoprotein (rhag) in the liver of Protopterus annectens during the three phases 
of aestivation. Absolute quantification of mRNA (×103 copies of transcripts per ng 
cDNA) of rhag in the liver of P. annectens kept in fresh water on day 0 (FW; 
control), or after 3 or 6 days (d; induction phase) of aestivation, or after 12 days or 6 
months (M; maintenance phase) of aestivation, or after 1 or 3 days of arousal (Ar) 
from 6 months of aestivation. Results represent means ± S.E.M (N=4). Means not 

























































Figure 33. Protein abundance of rhesus blood group-associated glycoprotein 
(Rhag) in the gills of Protopterus annectens during the three phases of 
aestivation. Protein abundance of Rhag in the gills of P. annectens kept in fresh 
water on day 0 (FW; control), or after 6 days (induction phase) of aestivation, or 
after 6 months (M; maintenance phase) of aestivation, or after 1 or 3 days of arousal 
(Ar) from 6 months of aestivation. (a) Immunoblot of Rhag. (b) The protein 
abundance of Rhag expressed as arbitrary densitometric units per 100 µg protein. 
Results represent mean ± S.E.M. (N=3). Means not sharing the same letter are 
significantly different (P<0.05). 
(a) 










































































Figure 34. Protein abundance of rhesus blood group-associated glycoprotein 
(Rhag) in the skin of Protopterus annectens during the three phases of 
aestivation. Protein abundance of Rhag in the skin of P. annectens kept in fresh 
water on day 0 (FW; control), or after 6 days (induction phase) of aestivation, or 
after 6 months (M; maintenance phase) of aestivation, or after 1 or 3 days of arousal 
(Ar) from 6 months of aestivation. (a) Immunoblot of Rhag. (b) The protein 
abundance of Rhag expressed as arbitrary densitometric units per 100 µg protein. 
Results represent mean ± S.E.M. (N=3). Means not sharing the same letter are 
significantly different (P<0.05). 
(a) 













































































4.1.6.1. Nucleotide sequence of rhbg and the deduced Rhbg amino acid 
sequence 
The complete coding cDNA sequence of rhbg from P. annectens consisted of 1398 
bp, coding for 465 amino acids with an estimated molecular mass of 50.9 kDa 
(Appendix 15). A hydropathy analysis revealed that the deduced amino acid 
sequence of Rhbg of P. annectens comprised 12 transmembrane regions (Fig. 35). 
An alignment of Rhbg of P. annectens with N. europaea Rh50, E. coli AmtB, and 
Rhbg/RhBG from human, mouse, frog and two fishes (dogfish shark and climbing 
perch) revealed that the residues involved in gating of the channel (F140 and F251), 
NH4
+ binding (G196, H201, F251 and N252) and deprotonation of NH4
+ for NH3 
conduction (D193, S197, H201 and H360) were highly conserved (Fig. 35). In Rhbg 
of P. annectens, 3 out of 5 acidic pore-lining residues (E139, E177, D234, D294 and 
D345) were conserved (Fig. 35). D145 and E352 in human RhCG (Fig. 44) were 
replaced with E139 and D345 in P. annectens Rhbg (Fig. 35). In Rhbg of P. 
annectens, 6 out of 9 residues involved in CO2 conductance (L86, F89, D234, A237, 
M238, M295, V296, Q299 and N300) were conserved as compared to N. europaea 
Rh50 (Fig. 35). S237, I295 and A299 in N. europaea Rh50 were replaced with A237, 
M295 and Q299 in P. annectens Rhbg (Fig. 35). Rhbg of P. annectens lacked the 
potential π cation binding sites of E. coli AmtB (Fig. 35). There were 17 potential 
phosphorylation sites and two N-glycosylation sites present in Rhbg of P. annectens 
(Fig. 35). 
4.1.6.2. Amino acid sequence comparison of Rhbg 
The percentage sequence similarity between Rhbg of P. annectens and the other Rh 
glycoprotein isoforms of P. annectens ranged from 34.8% to 54.6% (Table 11). A 
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comparison of Rhbg of P. annectens with Rhbg/RhBG of other animal species 
indicated that it had the highest sequence similarity with chondrichthyes Rhbg 
(64.9–69.2%), followed by those of actinopterygians (63.5–69.0%), amphibians 
(66.4–68.2%) and mammals (49.4–58.1%; Table 11).  
4.1.6.3. Phylogenetic analysis of Rhbg 
The Rhbg of P. annectens was grouped together with actinopterygian Rhbg and 
separated from the tetrapod and chondrichthyes clades (Fig. 36). 
4.1.6.4. Tissue expression of rhbg 
The expression of rhbg was detected strongly in the gills and kidney, but weakly in 
the liver, spleen, gut and skin of P. annectens kept in fresh water (Fig. 37a). The 
expression of rhbg was detected strongly in the gills and kidney, but weakly in the 
liver, pancreas, gut and skin of P. annectens after 6 months of aestivation (Fig. 37b). 
4.1.6.5. Effects of aestivation on rhbg mRNA expression levels in the gills of P. 
annectens 
There were significant decreases in the mRNA expression levels of rhbg in the gills 
of P. annectens after 3 days (by 23%), 6 days (by 63%), 12 days (by 52%) or 6 
months (by 85%) of aestivation, or after 1 day (by 49%) of arousal from 6 months of 
aestivation (Fig. 38). However, there was a significant increase by 1.3-fold in the 
mRNA expression levels of rhbg in the gills of P. annectens after 3 days of arousal 
from 6 months of aestivation as compared to control fish (Fig. 38) 
4.1.6.6. Effects of aestivation on rhbg mRNA expression levels in the skin of P. 
annectens 
During the induction and early maintenance phases of aestivation, the mRNA 
expression levels of rhbg remained unchanged in the skin of P. annectens (Fig. 39). 
However, the mRNA expression level of rhbg decreased significantly by 57% in the 
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skin of P. annectens after 6 months of aestivation as compared to control fish (Fig. 
39). The mRNA expression levels of rhbg returned to the control level on day 1 of 
arousal but it increased significantly by 2.7-fold in the skin of P. annectens after 3 
days of arousal from 6 months of aestivation as compared to control values (Fig. 39). 
4.1.6.7. Effects of aestivation on rhbg mRNA expression levels in the liver of P. 
annectens 
The mRNA expression levels of rhbg were significantly decreased in the liver of P. 
annectens after 3 days (by 36%), 6 days (by 50%) or 12 days (by 63%) of 
aestivation and returned to control values after 6 months of aestivation (Fig. 40). 
4.1.6.8. Effects of aestivation on protein abundance of Rhbg in the gills of P. 
annectens 
The protein abundance of Rhbg remained unchanged in the gills of P. annectens 
after 6 days of aestivation, but it decreased significantly after 6 months (by 64%) of 
aestivation, or after 1 day (by 79%) of arousal from 6 months of aestivation (Fig 41). 
The protein abundance of Rhbg in the gills of P. annectens returned to the control 
level on day 3 of arousal (Fig. 41).  
4.1.6.9. Effects of aestivation on protein abundance of Rhbg in the skin of P. 
annectens 
There were significant increases in the protein abundance of Rhbg in the skin of P. 
annectens after 6 days (2.1-fold) or 6 months (2.3-fold) of aestivation (Fig. 42). The 
protein abundance of Rhbg in the gills of P. annectens returned to the control level 
after 1 day of arousal from 6 months of aestivation (Fig. 42). 
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4.1.6.10. Effects of aestivation on protein abundance of Rhbg in the liver of P. 
annectens 
There was a significant decrease (by 73%) in the protein abundance of Rhbg in the 
liver of P. annectens after 6 days of aestivation (Fig. 43). The protein abundance of 
Rhbg in the liver of P. annectens returned to the control level after 6 months of 




Figure 35. Molecular characterization of rhesus family B glycoprotein (Rhbg) 
from Protopterus annectens. A multiple amino acid alignment of Rhbg from P. 
annectens with Squalus acanthias Rhbg (AJF44128.1), Anabas testudineus Rhbg 
(AIC81182.1), Xenopus (Silurana) tropicalis Rhbg (AAU89493.1), Mus musculus 
RhBG (AAF19371.1), Homo sapiens RhBGA (NP_000315.2), Nitrosomonas 
europaea Rh50 (AAR24581.1) and Escherichia coli ammonia transporter (AmtB; 
NP_414985.1). Identical amino acid residues are indicated by asterisks, strongly 
similar amino acids are indicated by colons and weakly similar amino acids are 
indicated by periods. Residues involved in NH4
+ binding, deprotonation of NH4
+ for 
NH3 conduction and CO2 conductance are indicated by red, blue and yellow 
triangles, respectively. The phenylalanine gate and the acidic residues important for 
NH3 permeation are indicated by open and shaded diamonds, respectively.  The π 
cation binding sites of E. coli AmtB are indicated by “π”. Potential N-glycosylation 
and phosphorylation sites are indicated by open and shaded arrows, respectively. 
The predicted transmembrane domains (TM1‒12) of Rhbg of P. annectens are 
indicated by open boxes and were predicted using MEMSATS & MEMSAT-SVA 












Table 11. The percentage similarity between the deduced amino acid sequence 
of rhesus family B glycoprotein (Rhbg) from Protopterus annectens and 
Rhbg/RhBG from other animal species obtained from GenBank (accession 
numbers in brackets). Sequences are arranged in a descending order of similarity. 
Classification Species Similarity 
Sarcopterygians Protopterus annectens Rhcg  54.6% 
 Protopterus annectens Rhag  51.2% 
Chondrichthyes Squalus acanthias Rhbg (AJF44128.1) 69.2% 
 Callorhinchus milii Rhbg (AFP03342.1) 64.9% 
Actinopterygians Alcolapia grahami Rhbg (AFZ78445.1) 69.0% 
 Oncorhynchus mykiss Rhbg (NP_001118134.1) 68.9% 
 Opsanus beta Rhbg (AEA77168.1) 68.6% 
 Anabas testudineus Rhbg (AIC81182.1) 68.4% 
 Porichthys notatus Rhbg (AGA93879.1) 68.4% 
 Larimichthys crocea Rhbg (KKF24588.1) 67.5% 
 Oryzias latipes Rhbg (NP_001098561.1) 67.3% 
 Tetraodon nigroviridis Rhbg (AAY41906.1) 66.5% 
 Gasterosteus aculeatus Rhbg (ABF69689.1) 65.5% 
 Cyprinus carpio Rhbg (AHJ59465.1) 65.0% 
 Danio rerio Rhbg (AAQ09527.1) 64.2% 
 Takifugu rubripes Rhbg (AAM48577.1) 63.5% 
Amphibians Xenopus laevis Rhbgb (NP_001087152.1) 68.2% 
 Xenopus laevis Rhbga (NP_001083174.1) 67.8% 
 Xenopus (Silurana) tropicalis Rhbg 
(AAU89493.1) 
66.4% 
Mammals Sus scrofa RhBG (AAK14651.1) 58.1% 
 Canis lupus familiaris RhBG (AAV40851.1) 58.1% 
 Rattus norvegicus RhBG (AAN07790.1) 57.4% 
 Mus musculus RhBG (AAF19371.1) 57.0% 
 Homo sapiens RhBGA (NP_065140.3) 56.6% 
 Homo sapiens RhBGC (NP_001243325.1) 51.1% 




Figure 36. A dendrogram of rhesus family B glycoprotein (Rhbg/RhBG) 
including that of Protopterus annectens. Numbers presented at each branch point 
represent bootstrap values from 100 replicates. Ciona intestinalis Rhbg is used as 





Figure 37. Tissue expression of rhesus family B glycoprotein (rhbg) in 
Protopterus annectens. Tissue expression of rhbg were examined in the eyes (E), 
brain (B), gills (Gi), heart (H), liver (Li), spleen (Sp), pancreas (P), gut (Gu), kidney 
(K), Lung (Lu), muscle (Mu), and skin (Sk), of P. annectens (a) kept in fresh water 
(FW) or (b) after 6 months (M) of aestivation. 
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Figure 38. mRNA expression levels of rhesus family B glycoprotein (rhbg) in the 
gills of Protopterus annectens during the three phases of aestivation. Absolute 
quantification of mRNA (×104 copies of transcripts per ng cDNA) of rhbg in the 
gills of P. annectens kept in fresh water on day 0 (FW; control), or after 3 or 6 days 
(d; induction phase) of aestivation, or after 12 days or 6 months (M; maintenance 
phase) of aestivation, or after 1 or 3 days of arousal (Ar) from 6 months of 
aestivation. Results represent means ± S.E.M (N=4). Means not sharing the same 



























































Figure 39. mRNA expression levels of rhesus family B glycoprotein (rhbg) in the 
skin of Protopterus annectens during the three phases of aestivation. Absolute 
quantification of mRNA (×103 copies of transcripts per ng cDNA) of rhbg in the 
skin of P. annectens kept in fresh water on day 0 (FW; control), or after 3 or 6 days 
(d; induction phase) of aestivation, or after 12 days or 6 months (M; maintenance 
phase) of aestivation, or after 1 or 3 days of arousal (Ar) from 6 months of 
aestivation. Results represent means ± S.E.M (N=4). Means not sharing the same 


























































Figure 40. mRNA expression levels of rhesus family B glycoprotein (rhbg) in the 
liver of Protopterus annectens during the three phases of aestivation. Absolute 
quantification of mRNA (×103 copies of transcripts per ng cDNA) of rhbg in the 
liver of P. annectens kept in fresh water on day 0 (FW; control), or after 3 or 6 days 
(d; induction phase) of aestivation, or after 12 days or 6 months (M; maintenance 
phase) of aestivation, or after 1 or 3 days of arousal (Ar) from 6 months of 
aestivation. Results represent means ± S.E.M (N=4). Means not sharing the same 

























































Figure 41. Protein abundance of rhesus family B glycoprotein (Rhbg) in the 
gills of Protopterus annectens during the three phases of aestivation. Protein 
abundance of Rhbg in the gills of P. annectens kept in fresh water on day 0 (FW; 
control), or after 6 days (induction phase) of aestivation, or after 6 months (M; 
maintenance phase) of aestivation, or after 1 or 3 days of arousal (Ar) from 6 months 
of aestivation. (a) Immunoblot of Rhbg. (b) The protein abundance of Rhbg 
expressed as arbitrary densitometric units per 100 µg protein. Results represent 
mean ± S.E.M. (N=3). Means not sharing the same letter are significantly different 
(P<0.05). 
(a) 









































































Figure 42. Protein abundance of rhesus family B glycoprotein (Rhbg) in the 
skin of Protopterus annectens during the three phases of aestivation. Protein 
abundance of Rhbg in the skin of P. annectens kept in fresh water on day 0 (FW; 
control), or after 6 days (induction phase) of aestivation, or after 6 months (M; 
maintenance phase) of aestivation, or after 1 or 3 days of arousal (Ar) from 6 months 
of aestivation. (a) Immunoblot of Rhbg. (b) The protein abundance of Rhbg 
expressed as arbitrary densitometric units per 30 µg protein. Results represent mean 
± S.E.M. (N=3). Means not sharing the same letter are significantly different 
(P<0.05). 
(a) 









































































Figure 43. Protein abundance of rhesus family B glycoprotein (Rhbg) in the 
liver of Protopterus annectens during the three phases of aestivation. Protein 
abundance of Rhbg in the liver of P. annectens kept in fresh water on day 0 (FW; 
control), or after 6 days (induction phase) of aestivation, or after 6 months (M; 
maintenance phase) of aestivation, or after 1 or 3 days of arousal (Ar) from 6 months 
of aestivation. (a) Immunoblot of Rhbg. (b) The protein abundance of Rhbg 
expressed as arbitrary densitometric units per 30 µg protein. Results represent mean 
± S.E.M. (N=3). Means not sharing the same letter are significantly different 
(P<0.05). 
(a) 












































































4.1.7.1. Nucleotide sequence of rhcg and the deduced Rhcg amino acid sequence 
The complete coding cDNA sequence of rhcg from P. annectens consisted of 1386 
bp, coding for 461 amino acids with an estimated molecular mass of 50.9 kDa 
(Appendix 16). The deduced amino acid sequence of Rhcg of P. annectens had 12 
transmembrane regions (Fig. 44). An alignment of Rhcg of P. annectens with N. 
europaea Rh50, E. coli AmtB, and Rhcg/RhCG from human, mouse, frog and two 
fishes (C. milii and A. testudineus) revealed that the residues involved in gating of 
the channel (F146 and F257) and NH4
+ binding (G201, H207, F257 and N258) were 
conserved (Fig. 44). The residues involved in the deprotonation of NH4
+ for NH3 
conduction (D199, H207 and H367) are highly conserved, except for a replacement 
of T203 in P. annectens Rhcg with S203 in human RhCG (Fig. 44). In Rhcg of P. 
annectens, 4 out of 5 acidic pore-lining residues (D145, E183, D240 and D301 and 
A352) were conserved (Fig. 44). The acidic residue E352 in human RhCG was 
replaced with the non-polar A344 in P. annectens Rhcg (Fig. 44). In Rhcg of P. 
annectens, In Rhcg of P. annectens, 7 out of 9 residues involved in CO2 conductance 
(L91, F94, D240, S243, M244, M302, V303, Q306 and N307) were conserved as 
compared to N. europaea Rh50 (Fig. 44). I302 and A306 in N. europaea Rh50 were 
replaced with M302 and Q306 in P. annectens Rhcg (Fig. 44). Rhcg of P. annectens 
lacked the potential π cation binding sites of E. coli AmtB (Fig. 44). There were 15 
potential phosphorylation sites and two N-glycosylation sites in Rhcg of P. 
annectens (Fig. 44). 
4.1.7.2. Amino acid sequence comparison of Rhcg 
The percentage sequence similarity between Rhcg of P. annectens and the other Rh 
glycoprotein isoforms of P. annectens ranged from 34.3% to 54.6% (Table 12). 
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Rhcg of P. annectens had the highest sequence similarity with Rhcg/RhCG (55.4–
66.3%), followed by other Rh proteins (23.0–61.4%), Rhbg/RhBG (44.7–58.8%) 
and Rhag/RhAG (42.6–48.7%; Table 12). A comparison of Rhcg of P. annectens 
with Rhcg/RhCG of other animal species indicated that it had the highest sequence 
similarity with actinopterygian Rhcg (60.2–65.7%), followed by those of C. milii 
(64.2%), amphibians (63.4–64.1%) and mammals (55.4–61.5%; Table 12).  
4.1.7.3. Phylogenetic analysis of Rhcg 
The Rhcg of P. annectens was grouped together with actinopterygian Rhcg, 
separated from the tetrapod clade (Fig. 45). 
4.1.7.4. Tissue expression of rhcg 
The expression of rhcg was detected strongly in the gills and kidney of P. annectens 
kept in fresh water (Fig. 46a). By contrast, the expression of rhcg was detected 
weakly in the gills and kidney of P. annectens after 6 months of aestivation (Fig. 
46b). 
4.1.7.5. Effects of aestivation on rhcg mRNA expression levels in the gills of P. 
annectens 
There was a significant increase (by 1.9-fold) in the mRNA expression level of rhcg 
in the gills of P. annectens after 3 days of aestivation (Fig. 47). Subsequently, there 
were significant decreases in the mRNA expression levels of rhcg in the gills of P. 
annectens after 6 days (by 68%), 12 days (by 82%) or 6 months (by 96%) of 
aestivation as compared to control fish (Fig. 47). The mRNA expression levels of 
rhcg in the gills of P. annectens returned to control values after 1 day of arousal but 
it increased significantly by 2.1-fold after 3 days of arousal from 6 months of 
aestivation as compared to control fish (Fig. 47). 
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4.1.7.6. Effects of aestivation on rhcg mRNA expression levels in the skin of P. 
annectens 
While the mRNA expression level of rhcg in the skin of P. annectens remained 
unchanged after 3 days of aestivation, it decreased significantly after 6 days (by 
88%), 12 days (by 90%) or 6 months (by 91%) of aestivation, or after 1 day (by 89%) 
of arousal from 6 months of aestivation as compared to control fish (Fig. 48). The 
mRNA expression level of rhcg in the skin of P. annectens returned to control level 
after 3 days of arousal from 6 months of aestivation (Fig. 48). 
4.1.7.7. Effects of aestivation on protein abundance of Rhcg in the gills of P. 
annectens 
The protein abundance of Rhcg in the gills of P. annectens was comparable to 
control fish on day 6 of aestivation (Fig. 49). However, it decreased significantly by 
73% in the gills of P. annectens after 6 months of aestivation as compared to control 
fish (Fig. 49). The protein abundanc of Rhcg in the gills of P. annectens returned to 
control values after 1 day of arousal from 6 months of aestivation (Fig. 49). 
4.1.7.8. Effects of aestivation on protein abundance of Rhcg in the skin of P. 
annectens 
The protein abundance of Rhcg in the skin of P. annectens was comparable to 
control fish after 6 days or 6 months of aestivation (Fig. 50). The protein abundance 
of Rhcg in the skin of P. annectens increased significantly by 3.0-fold in the skin of 
P. annectens after 1 day of arousal, but decreased significantly by 76% after 3 days 




Figure 44. Molecular characterization of rhesus family C glycoprotein (Rhcg) 
from Protopterus annectens. A multiple amino acid alignment of Rhcg from P. 
annectens with Callorhinchus milii Rhcg (AFO96383.1), Anabas testudineus Rhcg1 
(AIC81183.1) and Rhcg2 (AIC81184.1), Xenopus laevis Rhcg (NP_001088553.1), 
Mus musculus RhCG (AAF19373.1), Homo sapiens RhCG (AAF19372.1), 
Nitrosomonas europaea Rh50 (AAR24581.1) and Escherichia coli ammonia 
transporter (AmtB; NP_414985.1). Identical amino acid residues are indicated by 
asterisks, strongly similar amino acids are indicated by colons and weakly similar 
amino acids are indicated by periods. Residues involved in NH4
+ binding, 
deprotonation of NH4
+ for NH3 conduction and CO2 conductance are indicated by 
red, blue and yellow triangles, respectively. The phenylalanine gate and the acidic 
residues important for NH3 permeation are indicated by open and shaded diamonds, 
respectively. The π cation binding sites of E. coli AmtB are indicated by “π”. 
Potential N-glycosylation and phosphorylation sites are indicated by open and 
shaded arrows, respectively. The predicted transmembrane domains (TM1‒12) of 
Rhcg of P. annectens are indicated by open boxes and were predicted using 













Table 12. The percentage similarity between the deduced amino acid sequence 
of rhesus family C glycoprotein (Rhcg) from Protopterus annectens and 
Rhcg/RhCG from other animal species obtained from GenBank (accession 
numbers in brackets). Sequences are arranged in a descending order of similarity. 
Classification Species Similarity 
Sarcopterygians Protopterus annectens Rhbg 54.6% 
 Protopterus annectens Rhag 49.1% 
Actinopterygians Tetraodon nigroviridis Rhcg (AAY41907.1) 65.7% 
 Lipophrys pholis Rhcg1a (AGU71416.1) 64.0% 
 Lipophrys pholis Rhcg1b (AGU71417.1) 64.0% 
 Ictalurus punctatus Rhcg1 (AHH37525.1) 64.0% 
 Anabas testudineus Rhcg2 (AIC81184.1) 63.5% 
 Larimichthys crocea Rhcg1 (KKF31984.1) 63.3% 
 Danio rerio Rhcg2a (BAF63791.1) 63.2% 
 Anabas testudineus Rhcg1 (AIC81183.1) 62.7% 
 Danio rerio Rhcg2b (BAF63792.1) 62.6% 
 Larimichthys crocea Rhcg2 (KKF19632.1) 62.5% 
 Oncorhynchus mykiss Rhcg (AAU89494.1) 61.8% 
 Danio rerio Rhcg1 (AAM90586.1) 61.8% 
 Gasterosteus aculeatus Rhcg (ABF69690.1) 61.3% 
 Lipophrys pholis Rhcg2 (AGU71418.1) 60.9% 
 Oryzias latipes Rhcg (XP_004069769.1) 60.2% 
Chondrichthyes Callorhinchus milii Rhcg (AFO96383.1) 64.2% 
Amphibians Xenopus laevis Rhcg (NP_001088553.1) 64.1% 
 Xenopus (Silurana) tropicalis Rhcg 
(AAQ02688.1) 
63.4% 
Mammals Sus scrofa RhCG (ABF69687.1) 61.5% 
 Homo sapiens RhCG (AAF19372.1) 60.3% 
 Pan troglodytes RhCG (AAX39717.1) 60.3% 
 Macaca mulatta RhCG (ABD72472.1) 59.7% 
 Bos taurus RhCG (AAK14650.1) 58.7% 
 Mus musculus RhCG (AAF19373.1) 55.5% 




Figure 45. A dendrogram of rhesus family C glycoprotein (Rhcg/RhCG) 
including that of Protopterus annectens. Numbers presented at each branch point 
represent bootstrap values from 100 replicates. Thelohanellus kitauei Rhcg is used 




Figure 46. Tissue expression of rhesus family C glycoprotein (rhcg) in 
Protopterus annectens. Tissue expression of rhcg were examined in the eyes (E), 
brain (B), gills (Gi), heart (H), liver (Li), spleen (Sp), pancreas (P), gut (Gu), kidney 
(K), lung (Lu), muscle (Mu), and skin (Sk), of P. annectens (a) kept in fresh water 
(FW) or (b) after 6 months (M) of aestivation. 
 
100bp 
ladder E B Gi H Li Sp P Gu K Lu Mu Sk 
(a) FW 
 





Figure 47. mRNA expression levels of rhesus family C glycoprotein (rhcg) in the 
gills of Protopterus annectens during the three phases of aestivation. Absolute 
quantification of mRNA (×105 copies of transcripts per ng cDNA) of rhcg in the 
gills of P. annectens kept in fresh water on day 0 (FW; control), or after 3 or 6 days 
(d; induction phase) of aestivation, or after 12 days or 6 months (M; maintenance 
phase) of aestivation, or after 1 or 3 days of arousal (Ar) from 6 months of 
aestivation. Results represent means ± S.E.M (N=4). Means not sharing the same 

























































Figure 48. mRNA expression levels of rhesus family C glycoprotein (rhcg) in the 
skin of Protopterus annectens during the three phases of aestivation. Absolute 
quantification of mRNA (×102 copies of transcripts per ng cDNA) of rhcg in the 
skin of P. annectens kept in fresh water on day 0 (FW; control), or after 3 or 6 days 
(d; induction phase) of aestivation, or after 12 days or 6 months (M; maintenance 
phase) of aestivation, or after 1 or 3 days of arousal (Ar) from 6 months of 
aestivation. Results represent means ± S.E.M (N=4). Means not sharing the same 























































Figure 49. Protein abundance of rhesus family C glycoprotein (Rhcg) in the 
gills of Protopterus annectens during the three phases of aestivation. Protein 
abundance of Rhcg in the gills of P. annectens kept in fresh water on day 0 (FW; 
control), or after 6 days (induction phase) of aestivation, or after 6 months (M; 
maintenance phase) of aestivation, or after 1 or 3 days of arousal (Ar) from 6 months 
of aestivation. (a) Immunoblot of Rhcg. (b) The protein abundance of Rhcg 
expressed as arbitrary densitometric units per 50 µg protein. Results represent mean 
± S.E.M. (N=3). Means not sharing the same letter are significantly different 
(P<0.05). 
(a) 









































































Figure 50. Protein abundance of rhesus family C glycoprotein (Rhcg) in the 
skin of Protopterus annectens during the three phases of aestivation. Protein 
abundance of Rhcg in the skin of P. annectens kept in fresh water on day 0 (FW; 
control), or after 6 days (induction phase) of aestivation, or after 6 months (M; 
maintenance phase) of aestivation, or after 1 or 3 days of arousal (Ar) from 6 months 
of aestivation. (a) Immunoblot of Rhcg. (b) The protein abundance of Rhcg 
expressed as arbitrary densitometric units per 40 µg protein. Results represent mean 
± S.E.M. (N=3). Means not sharing the same letter are significantly different 
(P<0.05). 
(a) 










































































4.1.8.1. Nucleotide sequence of ut-a2a and the deduced Ut-a2a amino acid 
sequence 
The complete coding cDNA sequence of ut-a2a from P. annectens consisted of 
1227 bp (Appendix 17). The deduced amino acid sequence of Ut-a2a comprised 408 
amino acids with an estimated molecular mass of 44.7 kDa. A hydropathy analysis 
revealed that the deduced amino acid sequence of Ut-a2a of P. annectens comprised 
10 transmembrane regions (Fig. 51).  
Efforts were made to compare the Ut isoforms of P. annectens with H. 
sapiens UT-B and Desulfovibrio vulgaris dvUT, as their high resolution crystal 
structure had been resolved and based on which theories of urea transport had been 
formulated (Levin et al., 2009, 2012). An alignment of Ut-a2a from P. annectens 
with those from human, mouse, frog, three fishes (coelacanth, dogfish shark and gulf 
toadfish) and bacteria revealed highly conserved LPXXTXPF motifs (Fig. 51). In 
Ut-a2a of P. annectens, 8 out of 14 urea binding sites were conserved as compared 
to D. vulgaris dvUT (Fig. 51). The urea binding sites in D. vulgaris dvUT, F197, 
L249, E307, F310, F363 and L413, were replaced with Y197, F249, L307, G310, 
Y363 and C413 in Ut-a2a of P. annectens (Fig. 51). Ut-a2a of P. annectens lacked 
the UT-B ALE domain (Fig. 51). There were 10 potential phosphorylation sites and 
one N-glycosylation sites in Ut-a2a of P. annectens (Fig. 51). 
4.1.8.2. Amino acid sequence comparison of Ut-a2a 
The percentage sequence similarity between Ut-a2a of P. annectens and the other Ut 
isoforms of P. annectens ranged from 71.3% to 78.6% (Table 13). A comparison of 
Ut-a2a of P. annectens with Ut/UT isoforms of other animal species indicated that it 
had the highest sequence similarity with Ut-a2/UT-A2 (45.5–67.4%), followed by 
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UT-B (27.7–55.8%), Ut-d (34.4–52.6%), UTA3/UTA4/UTA5 (50.1–52.2%), Ut-c 
(30.3–43.8%) and UT-A1 (25.0–27.5%; Table 13). A comparison of Ut-a2a of P. 
annectens with Ut-a2/UT-A2 of other animal species revealed it had the highest 
sequence similarity with amphibian Ut-a2 (62.2–67.4%), followed by those of 
chondrichthyes (56.8–62.1%), mammals (53.1–60.4%), L. chalumnae (60.1%) and 
actinopterygians (45.5–50.2%; Table 13).  
4.1.8.3. Phylogenetic analysis of Ut-a2a 
The Ut-a2a of P. annectens was grouped together with Ut-a2b and Ut-a2c of P. 
annectens and had a closer phylogenetic relationship with tetrapod Ut/UT than fish 
Ut (Fig. 52). 
4.1.8.4. Tissue expression of ut-a2a 
The expression of ut-a2a was detected strongly in the gills, kidney and skin, but 
weakly in the liver, spleen, pancreas, gut and lung of P. annectens kept in fresh 
water (Fig. 53a). The expression of ut-a2a was detected strongly in the gills and skin, 
but weakly in the kidney of P. annectens after 6 months of aestivation (Fig. 53b). 
4.1.8.5. Effects of aestivation on ut-a2a mRNA expression levels in the gills of P. 
annectens 
During the induction phase of aestivation, the mRNA expression levels of ut-a2a 
remained unchanged in the gills of P. annectens (Fig. 54). However, significant 
increases in the mRNA expression levels of ut-a2a occurred in the gills of P. 
annectens after 6 months (3.1-fold) of aestivation or after 1 day (8.5-fold) of arousal 
from 6 months of aestivation as compared to control fish (Fig. 54). The mRNA 
expression levels of ut-a2a returned to control level after 3 days of arousal from 6 
months of aestivation (Fig. 54). 
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4.1.8.6. Effects of aestivation on ut-a2a mRNA expression levels in the skin of P. 
annectens 
The mRNA expression levels of ut-a2a decreased significantly in the skin of P. 
annectens after 3 days (by 66%), 6 days (by 67%) or 12 days (by 72%) of 
aestivation (Fig. 55). However, significant increases in the mRNA expression levels 
of ut-a2a occurred in the skin of P. annectens after 6 months (2.6-fold) of 
aestivation, or after 1 day (4.0-fold) or 3 days (2.0-fold) of arousal from 6 months of 
aestivation as compared to control fish (Fig. 55). 
4.1.8.7. Effects of aestivation on ut-a2a mRNA expression levels in the liver of P. 
annectens 
There were no significant changes in the mRNA expression levels of ut-a2a in the 
liver of P. annectens during the three phases of aestivation (Fig. 56). 
4.1.8.8. Effects of aestivation on protein abundance of Ut-a2a in the gills of P. 
annectens 
The protein abundance of Ut-a2a in the gills of P. annectens was comparable to 
control values after 6 days or 6 months of aestivation (Fig. 57). Significant increases 
in the protein abundance of Ut-a2a occurred in the gills of P. annectens after 1 day 
(4.4-fold) or 3 days (3.4-fold) of arousal from 6 months of aestivation as compared 
to control values (Fig. 57). 
4.1.8.9. Effects of aestivation on protein abundance of Ut-a2a in the skin of P. 
annectens 
The protein abundance of Ut-a2a in the skin of P. annectens was comparable to 
control values after 6 days of aestivation (Fig. 58). Subsequently, the protein 
abundance of Ut-a2a decreased significantly by 91% in the skin of P. annectens 
after 6 months of aestivation as compared to control values (Fig. 58). The protein 
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abundance of Ut-a2a increased significantly by 1.8-fold in the skin of P. annectens 
after 1 day of arousal from 6 months of aestivation as compared to control values 
and returned to control level after 3 days of arousal from 6 months of aestivation 
(Fig. 58). 
4.1.8.10. Effects of aestivation on protein abundance of Ut-a2a in the liver of P. 
annectens 
There were significant increases in the protein abundance of Ut-a2a in the liver of P. 
annectens after 6 days (2.4-fold), 6 months (2.3-fold) of aestivation, or after 1 day 
(2.7-fold) of arousal from 6 months of aestivation (Fig. 59). The protein abundance 
of Ut-a2a returned to control values in the liver of P. annectens after 3 days of 




Figure 51. Molecular characterization of the isoforms of urea transporter (Ut-
a2a, Ut-a2b and Ut-a2c) from Protopterus annectens. A multiple amino acid 
alignment of Ut-a2a, Ut-a2b and Ut-a2c from P. annectens with Latimeria 
chalumnae Ut-a2 (XP_006007026.1), Squalus acanthias Ut-a2 (AAF66072.1), 
Opsanus beta Ut-a2 (AAD53268.2), Rhinella marina Ut-a2 (BAE16706.1), Homo 
sapiens UT-A2 (CAA65657.1) and UT-B1 (CAB60834.1), and Desulfovibrio 
vulgaris Ut (Q72CX3). Identical amino acid residues are indicated by asterisks, 
strongly similar amino acids are indicated by colons and weakly similar amino acids 
are indicated by periods. The conserved LPXXTXPF motifs are underlined. The 
potential urea binding sites are indicated by open triangles. The dotted box denotes 
the UT-B signature ALE domain. Potential N-glycosylation and phosphorylation 
sites are indicated by open and shaded arrows, respectively. The predicted 
transmembrane domains (TM1‒10) of Ut-a2a, Ut-a2b and Ut-a2c of P. annectens 
are indicated by open boxes and were predicted using MEMSATS & MEMSAT-
















Table 13. The percentage similarity between the deduced amino acid sequence 
of urea transporter A2a (Ut-a2a) from Protopterus annectens and other Ut/UT 
sequences from other animal species obtained from GenBank (accession 
numbers in brackets). Sequences are arranged in a descending order of similarity. 
Classification Species Similarity 
Sarcopterygians Protopterus annectens Ut-a2c 78.6% 
 Protopterus annectens Ut-a2b 71.3% 
 Latimeria chalumnae Ut-a2 (XP_006007026.1) 60.1% 
Amphibians Rhinella marina Ut-a2 (BAE16706.1) 67.4% 
 Pelophylax esculentus Ut-a2 (CAA73322.1) 63.2% 
 Rana sylvatica Ut-a2 (AFE48181.1) 62.5% 
 Rana septentrionalis Ut-a2 (AFE48183.1) 62.2% 
 Rana pipiens Ut-a2 (AFE48182.1) 62.2% 
Chondrichthyes Squalus acanthias Ut-a2 (AAF66072.1) 62.1% 
 Leucoraja ocellata Ut-a2 (AAL12243.1) 61.1% 
 Triakis scyllium Ut-a2 (BAC75980.1) 60.0% 
 Callorhinchus milii Ut-a2b (BAH58774.1) 59.5% 
 Dasyatis sabina Ut-a2a (AAQ07592.1) 58.7% 
 Dasyatis sabina Ut-a2b (AAQ23380.1) 58.7% 
 Dasyatis sabina Ut-a2c (AAQ23381.1) 58.7% 
 Scyliorhinus canicula Ut-a2 (AEH59797.1) 58.3% 
 Dasyatis say Ut-a2 (AAQ23382.1) 58.0% 
 Callorhinchus milii Ut-a2a (BAH58773.1) 56.8% 
 Dasyatis sabina Ut-da (AAQ23379.1) 52.6% 
 Dasyatis sabina Ut-db (AAM46683.2) 52.6% 
 Callorhinchus milii Ut-db (BAH58776.1) 52.2% 
 Callorhinchus milii UT-da (BAH58775.1) 47.9% 
 Callorhinchus milii Ut-c (BAH58777.1) 43.8% 
Mammals Homo sapiens UT-A2 (CAA65657.1) 60.4% 
 Mus musculus UT-A2 (AAM21206.1) 59.7% 
 Mus musculus UT-B (AAL47138.1) 55.8% 
 Rattus norvegicus UT-B (NP_062219.2) 55.2% 
 Rattus norvegicus UT-A2 (AAB39937.1) 54.9% 
 Homo sapiens UT-B1 (CAB60834.1) 54.6% 
 Bos taurus UT-A2 (NP_001008666.1) 53.1% 
 Rattus norvegicus UT-A4 (AAD23099.1) 52.2% 
 Mus musculus UT-A5 (AAG32167.1) 51.8% 
 Mus musculus UT-A3 (AAG32168.1) 50.4% 
 Rattus norvegicus UT-A3 (AAD23098.1) 50.1% 




Table 13 (continued) 
Classification Species Similarity 
Mammals Bos taurus UT-B (NP_001137574.1) 27.7% 
 Homo sapiens UT-A1 (AAL08485.1) 27.5% 
 Mus musculus UT-A1 (AAM00357.1) 25.1% 
 Rattus norvegicus UT-A1 (AAB50197.1) 25.0% 
Actinopterygians Porichthys notatus Ut-a2 (AGA93882.1) 50.2% 
 Danio rerio Ut-a2 (NP_001018355.1) 49.1% 
 Larimichthys crocea Ut-a2 (KKF10186.1) 49.0% 
 Xiphophorus maculatus Ut-a2 (XP_005804110.1) 49.0% 
 Anguilla japonica Ut-a2 (BAC53976.1) 48.6% 
 Alcolapia grahami Ut-a2 (AAG49891.1) 48.2% 
 Poecilia formosa Ut-a2 (XP_007559324.1) 47.5% 
 Opsanus beta Ut-a2 (AAD53268.2) 47.2% 
 Esox lucius Ut-a2 (XP_010874746.1) 47.1% 
 Takifugu rubripes Ut-a2 (BAD66674.1) 47.0% 
 Oryzias latipes Ut-a2 (XP_004072672.2) 45.8% 
 Larimichthys crocea Ut-d isoform x1 
(XP_010731977.1) 
45.5% 
 Cynoglossus semilaevis Ut-a2 (XP_008335055.1) 45.5% 
 Larimichthys crocea Ut-d isoform x2 
(KKF21937.1) 
34.4% 
 Anguilla japonica Ut-c (BAD66672.1) 34.2% 




Figure 52. A dendrogram of urea transporter (Ut/UT) including of Ut-a2a, Ut-
a2b and Ut-a2c of Protopterus annectens. Numbers presented at each branch point 
represent bootstrap values from 100 replicates. Strongylocentrotus purpuratus Ut is 





Figure 53. Tissue expression of urea transporter A2a (ut-a2a) in Protopterus 
annectens. Tissue expression of ut-a2a were examined in the eyes (E), brain (B), 
gills (Gi), heart (H), liver (Li), spleen (Sp), pancreas (P), gut (Gu), kidney (K), lung 
(Lu), muscle (Mu), and skin (Sk), of P. annectens (a) kept in fresh water (FW) or (b) 
after 6 months (M) of aestivation. 
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Figure 54. mRNA expression levels of urea transporter A2a (ut-a2a) in the gills 
of Protopterus annectens during the three phases of aestivation. Absolute 
quantification of mRNA (×102 copies of transcripts per ng cDNA) of ut-a2a in the 
gills of P. annectens kept in fresh water on day 0 (FW; control), or after 3 or 6 days 
(d; induction phase) of aestivation, or after 12 days or 6 months (M; maintenance 
phase) of aestivation, or after 1 or 3 days of arousal (Ar) from 6 months of 
aestivation. Results represent means ± S.E.M (N=4). Means not sharing the same 




























































Figure 55. mRNA expression levels of urea transporter A2a (ut-a2a) in the skin 
of Protopterus annectens during the three phases of aestivation. Absolute 
quantification of mRNA (×103 copies of transcripts per ng cDNA) of ut-a2a in the 
skin of P. annectens kept in fresh water on day 0 (FW; control), or after 3 or 6 days 
(d; induction phase) of aestivation, or after 12 days or 6 months (M; maintenance 
phase) of aestivation, or after 1 or 3 days of arousal (Ar) from 6 months of 
aestivation. Results represent means ± S.E.M (N=4). Means not sharing the same 

























































Figure 56. mRNA expression levels of urea transporter A2a (ut-a2a) in the liver 
of Protopterus annectens during the three phases of aestivation. Absolute 
quantification of mRNA (×102 copies of transcripts per ng cDNA) of ut-a2a in the 
liver of Protopterus annectens kept in fresh water on day 0 (FW; control), or after 3 
or 6 days (d; induction phase) of aestivation, or after 12 days or 6 months (M; 
maintenance phase) of aestivation, or after 1 or 3 days of arousal (Ar) from 6 months 
of aestivation. Results represent means ± S.E.M (N=4). Means not sharing the same 



















































Figure 57. Protein abundance of urea transporter A2a (Ut-a2a) in the gills of 
Protopterus annectens during the three phases of aestivation. Protein abundance 
of Ut-a2a in the gills of P. annectens kept in fresh water on day 0 (FW; control), or 
after 6 days (induction phase) of aestivation, or after 6 months (M; maintenance 
phase) of aestivation, or after 1 or 3 days of arousal (Ar) from 6 months of 
aestivation. (a) Immunoblot of Ut-a2a. (b) The protein abundance of Ut-a2a 
expressed as arbitrary densitometric units per 200 µg protein. Results represent 
mean ± S.E.M. (N=3). Means not sharing the same letter are significantly different 
(P<0.05). 
(a) 











































































Figure 58. Protein abundance of urea transporter A2a (Ut-a2a) in the skin of 
Protopterus annectens during the three phases of aestivation. Protein abundance 
of Ut-a2a in the skin of P. annectens kept in fresh water on day 0 (FW; control), or 
after 6 days (induction phase) of aestivation, or after 6 months (M; maintenance 
phase) of aestivation, or after 1 or 3 days of arousal (Ar) from 6 months of 
aestivation. (a) Immunoblot of Ut-a2a. (b) The protein abundance of Ut-a2a 
expressed as arbitrary densitometric units per 100 µg protein. Results represent 
mean ± S.E.M. (N=3). Means not sharing the same letter are significantly different 
(P<0.05). 
(a) 











































































Figure 59. Protein abundance of urea transporter A2a (Ut-a2a) in the liver of 
Protopterus annectens during the three phases of aestivation. Protein abundance 
of Ut-a2a in the liver of P. annectens kept in fresh water on day 0 (FW; control), or 
after 6 days (induction phase) of aestivation, or after 6 months (M; maintenance 
phase) of aestivation, or after 1 or 3 days of arousal (Ar) from 6 months of 
aestivation. (a) Immunoblot of Ut-a2a. (b) The protein abundance of Ut-a2a 
expressed as arbitrary densitometric units per 200 µg protein. Results represent 
mean ± S.E.M. (N=3). Means not sharing the same letter are significantly different 
(P<0.05). 
(a) 














































































4.1.9.1. Nucleotide sequence of ut-a2b and the deduced Ut-a2b amino acid 
sequence 
The complete coding cDNA sequence of ut-a2b from P. annectens consisted of 
1392 bp, coding for 464 amino acids with an estimated molecular mass of 51.2 kDa 
(Appendix 18). The deduced amino acid sequence of Ut-a2b of P. annectens 
comprised 10 transmembrane regions and highly conserved LPXXTXPF motifs (Fig. 
51). In Ut-a2b of P. annectens, 9 out of 14 urea binding sites were conserved as 
compared to D. vulgaris dvUT (Fig. 51). The urea binding sites of D. vulgaris dvUT, 
F197, E307, F310, F363 and L413, were replaced with Y197, Q307, G310, Y363 
and F413 in Ut-a2b of P. annectens (Fig. 51). Ut-a2b of P. annectens lacked the UT-
B ALE domain (Fig. 51). There were 25 potential phosphorylation sites and two N-
glycosylation sites in Ut-a2b of P. annectens (Fig. 51). 
4.1.9.2. Amino acid sequence comparison of Ut-a2b 
The percentage sequence similarity between Ut-a2b of P. annectens and the other Ut 
isoforms of P. annectens ranged from 71.3% to 83.8% (Table 14). A comparison of 
Ut-a2b of P. annectens with Ut/UT isoforms of other animal species indicated that it 
had the highest sequence similarity with Ut-a2/UT-A2 (40.1–56.2%), followed by 
UTA3/UTA4/UTA5 (45.6–53.2%), UT-B (28.1–48.0%), Ut-d (29.7–46.5%), Ut-c 
(26.4–39.0%) and UT-A1 (25.9–27.7%; Table 14). A comparison of Ut-a2b of P. 
annectens with Ut-a2/UT-A2 of other animal species revealed it had the highest 
sequence similarity with amphibian Ut-a2 (52.3–56.2%), followed by those of 
mammals (47.4–53.5%), chondrichthyes (49.7–53.4%), L. chalumnae (52.8%) and 
actinopterygians (40.1–43.8%; Table 14). 
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4.1.9.3. Phylogenetic analysis of Ut-a2b 
The Ut-a2b of P. annectens was grouped together with Ut-a2a and Ut-a2c of P. 
annectens and had a closer phylogenetic relationship with tetrapod Ut/UT than fish 
Ut (Fig. 52). 
4.1.9.4. Tissue expression of ut-a2b 
The expression of ut-a2b was detected strongly in the heart, spleen and lung, but 
weakly in the eyes, brain, gills, liver, pancreas, gut, kidney, muscle and skin of P. 
annectens kept in fresh water (Fig. 60a). Nevertheless, the expression of ut-a2b was 
detected strongly in the heart, liver, spleen and lung, but weakly in the eyes, brain, 
gills, pancreas, gut, kidney, muscle and skin of P. annectens after 6 months of 
aestivation (Fig. 60b). 
4.1.9.5. Effects of aestivation on ut-a2b mRNA expression levels in the gills of P. 
annectens 
There were no significant changes in the mRNA expression levels of ut-a2b in the 
gills of P. annectens during the three phases of aestivation (Fig. 61). 
4.1.9.6. Effects of aestivation on ut-a2b mRNA expression levels in the skin of P. 
annectens 
There were no significant changes in the mRNA expression levels of ut-a2b in the 
skin of P. annectens during the induction phase of aestivation (Fig. 62). The mRNA 
expression levels of ut-a2b increased significantly in the skin of P. annectens after 
12 days (3.7-fold) or 6 months (3.8-fold) of aestivation, or after 1 day (2.9-fold) of 
arousal from 6 months of aestivation as compared to control values (Fig. 62). The 
mRNA expression levels of ut-a2b returned on control level in the skin of P. 
annectens after 3 days of arousal from 6 months of aestivation (Fig. 62). 
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4.1.9.7. Effects of aestivation on ut-a2b mRNA expression levels in the liver of P. 
annectens 
While the mRNA expression level of ut-a2b in the liver of P. annectens remained 
unchanged after 3 days of aestivation, it increased significantly by 4.7-fold after 6 
days of aestivation (Fig. 63). The mRNA expression level of ut-a2b in the liver of P. 
annectens returned to control values after 12 days of aestivation, but it increased 
significantly by 4.4-fold after 6 months of aestivation as compared to control values 
(Fig. 63). The mRNA expression level of ut-a2b in the liver of P. annectens returned 
to control level after 1 day of arousal from 6 months of aestivation (Fig. 63). 
4.1.9.8. Effects of aestivation on protein abundance of Ut-a2b in the gills of P. 
annectens 
There were significant increases in the protein abundance of Ut-a2b in the gills of P. 
annectens after 6 days (7.0-fold) or 6 months (15.5-fold) of aestivation, or after 1 
day (7.8-fold) of arousal from 6 months of aestivation (Fig. 64). The protein 
abundance of Ut-a2b returned to control values in the gills of P. annectens after 3 
days of arousal from 6 months of aestivation (Fig. 64). 
4.1.9.9. Effects of aestivation on protein abundance of Ut-a2b in the skin of P. 
annectens 
The protein abundance of Ut-a2b in the skin of P. annectens was comparable to 
those of control fish after 6 days of aestivation, but it decreased significantly by 90% 
after 6 months of aestivation as compared to control values (Fig. 65). Subsequently, 
the protein abundance of Ut-a2b increased significantly by 2.0-fold on day 1 of 
arousal from 6 months of aestivation as compared to control values (Fig. 65). The 
protein abundance of Ut-a2b returned to control values in the skin of P. annectens 
after 3 days of arousal from 6 months of aestivation (Fig. 65). 
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4.1.9.10. Effects of aestivation on protein abundance of Ut-a2b in the liver of P. 
annectens 
The protein abundance of Ut-a2b decreased significantly by 40% in the liver of P. 
annectens after 6 days of aestivation but it returned to control values after 6 months 
of aestivation (Fig. 66). Subsequently, the protein abundance of Ut-a2b increased 
significantly in the liver of P. annectens after 1 day (1.7-fold) or 3 days (1.8-fold) of 




Table 14. The percentage similarity between the deduced amino acid sequence of 
urea transporter A2b (Ut-a2b) from Protopterus annectens and other Ut/UT 
sequences from other animal species obtained from GenBank (accession numbers in 
brackets). Sequences are arranged in a descending order of similarity. 
Classification Species Similarity 
Sarcopterygians Protopterus annectens Ut-a2c 83.8% 
 Protopterus annectens Ut-a2a 71.3% 
 Latimeria chalumnae Ut-a2 (XP_006007026.1) 52.8% 
Amphibians Rhinella marina Ut-a2 (BAE16706.1) 56.2% 
 Pelophylax esculentus Ut-a2 (CAA73322.1) 53.2% 
 Rana sylvatica Ut-a2 (AFE48181.1) 52.3% 
 Rana septentrionalis Ut-a2 (AFE48183.1) 52.3% 
 Rana pipiens Ut-a2 (AFE48182.1) 52.3% 
Mammals Homo sapiens UT-A2 (CAA65657.1) 53.5% 
 Mus musculus UT-A2 (AAM21206.1) 53.2% 
 Rattus norvegicus UT-A4 (AAD23099.1) 53.2% 
 Mus musculus UT-A3 (AAG32168.1) 52.0% 
 Rattus norvegicus UT-A3 (AAD23098.1) 51.8% 
 Bos taurus UT-A2 (NP_001008666.1) 48.4% 
 Homo sapiens UT-B1 (CAB60834.1) 48.0% 
 Mus musculus UT-B (AAL47138.1) 47.6% 
 Rattus norvegicus UT-B (NP_062219.2) 47.5% 
 Rattus norvegicus UT-A2 (AAB39937.1) 47.4% 
 Mus musculus UT-A5 (AAG32167.1) 45.6% 
 Bos taurus UT-B isoform x2 (XP_005224169.1) 43.4% 
 Bos taurus UT-B (NP_001137574.1) 28.1% 
 Homo sapiens UT-A1 (AAL08485.1) 27.7% 
 Mus musculus UT-A1 (AAM00357.1) 26.0% 
 Rattus norvegicus UT-A1 (AAB50197.1) 25.9% 
Chondrichthyes Squalus acanthias Ut-a2 (AAF66072.1) 53.4% 
 Leucoraja ocellata Ut-a2 (AAL12243.1) 52.3% 
 Callorhinchus milii Ut-a2b (BAH58774.1) 51.8% 
 Triakis scyllium Ut-a2 (BAC75980.1) 51.1% 
 Dasyatis sabina Ut-a2a (AAQ07592.1) 50.8% 
 Dasyatis sabina Ut-a2b (AAQ23380.1) 50.8% 
 Dasyatis sabina UT-a2c (AAQ23381.1) 50.8% 
 Scyliorhinus canicula Ut-a2 (AEH59797.1) 50.5% 
 Dasyatis say Ut-a2 (AAQ23382.1) 49.7% 
 Callorhinchus milii Ut-a2a (BAH58773.1) 49.7% 




Table 14 (continued) 
Classification Species Similarity 
Chondrichthyes Dasyatis sabina Ut-da (AAQ23379.1) 46.1% 
 Dasyatis sabina Ut-db (AAM46683.2) 46.1% 
 Callorhinchus milii Ut-da (BAH58775.1) 43.0% 
 Callorhinchus milii Ut-c (BAH58777.1) 39.0% 
Actinopterygians Danio rerio Ut-a2 (NP_001018355.1) 43.8% 
 Porichthys notatus Ut-a2 (AGA93882.1) 43.6% 
 Larimichthys crocea Ut-a2 (KKF10186.1) 43.2% 
 Xiphophorus maculatus Ut-a2 (XP_005804110.1) 43.2% 
 Anguilla japonica Ut-a2 (BAC53976.1) 42.3% 
 Alcolapia grahami Ut-a2 (AAG49891.1) 42.1% 
 Opsanus beta Ut-a2 (AAD53268.2) 41.6% 
 Poecilia formosa Ut-a2 (XP_007559324.1) 41.5% 
 Takifugu rubripes Ut-a2 (BAD66674.1) 40.9% 
 Esox lucius Ut-a2 (XP_010874746.1) 40.5% 
 Larimichthys crocea Ut-d isoform x1 
(XP_010731977.1) 
40.4% 
 Cynoglossus semilaevis Ut-a2 (XP_008335055.1) 40.2% 
 Oryzias latipes Ut-a2 (XP_004072672.2) 40.1% 
 Anguilla japonica Ut-c (BAD66672.1) 29.9% 
 Larimichthys crocea Ut-d isoform x2 
(KKF21937.1) 
29.7% 




Figure 60. Tissue expression of urea transporter A2b (ut-a2b) in Protopterus 
annectens. Tissue expression of ut-a2b were examined in the eyes (E), brain (B), 
gills (Gi), heart (H), liver (Li), spleen (Sp), pancreas (P), gut (Gu), kidney (K), lung 
(Lu), muscle (Mu), and skin (Sk), of Protopterus annectens (a) kept in fresh water 
(FW) or (b) after 6 months (M) of aestivation. 
 
100bp 
ladder E B Gi H Li Sp P Gu K Lu Mu Sk 
(a) FW  




Figure 61. mRNA expression levels of urea transporter A2b (ut-a2b) in the gills 
of Protopterus annectens during the three phases of aestivation. Absolute 
quantification of mRNA (×102 copies of transcripts per ng cDNA) of ut-a2b in the 
gills of P. annectens kept in fresh water on day 0 (FW; control), or after 3 or 6 days 
(d; induction phase) of aestivation, or after 12 days or 6 months (M; maintenance 
phase) of aestivation, or after 1 or 3 days of arousal (Ar) from 6 months of 
aestivation. Results represent means ± S.E.M (N=4). Means not sharing the same 




















































Figure 62. mRNA expression levels of urea transporter A2b (ut-a2b) in the skin 
of Protopterus annectens during the three phases of aestivation. Absolute 
quantification of mRNA (copies of transcripts per ng cDNA) of urea transporter 
A2b (ut-a2b) in the skin of Protopterus annectens kept in fresh water on day 0 (FW; 
control), or after 3 or 6 days (d; induction phase) of aestivation, or after 12 days or 6 
months (M; maintenance phase) of aestivation, or after 1 or 3 days of arousal (Ar) 
from 6 months of aestivation. Results represent means ± S.E.M (N=4). Means not 























































Figure 63. mRNA expression levels of urea transporter A2b (ut-a2b) in the gills 
of Protopterus annectens during the three phases of aestivation. Absolute 
quantification of mRNA (×102 copies of transcripts per ng cDNA) of urea 
transporter A2b (ut-a2b) in the liver of Protopterus annectens kept in fresh water on 
day 0 (FW; control), or after 3 or 6 days (d; induction phase) of aestivation, or after 
12 days or 6 months (M; maintenance phase) of aestivation, or after 1 or 3 days of 
arousal (Ar) from 6 months of aestivation. Results represent means ± S.E.M (N=4). 





























































Figure 64. Protein abundance of urea transporter A2b (Ut-a2b) in the gills of 
Protopterus annectens during the three phases of aestivation. Protein abundance 
of Ut-a2b in the gills of P. annectens kept in fresh water on day 0 (FW; control), or 
after 6 days (induction phase) of aestivation, or after 6 months (M; maintenance 
phase) of aestivation, or after 1 or 3 days of arousal (Ar) from 6 months of 
aestivation. (a) Immunoblot of Ut-a2b. (b) The protein abundance of Ut-a2b 
expressed as arbitrary densitometric units per 200 µg protein. Results represent 
mean ± S.E.M. (N=3). Means not sharing the same letter are significantly different 
(P<0.05). 
(a)  












































































Figure 65. Protein abundance of urea transporter A2b (Ut-a2b) in the skin of 
Protopterus annectens during the three phases of aestivation. Protein abundance 
of Ut-a2b in the skin of P. annectens kept in fresh water on day 0 (FW; control), or 
after 6 days (induction phase) of aestivation, or after 6 months (M; maintenance 
phase) of aestivation, or after 1 or 3 days of arousal (Ar) from 6 months of 
aestivation. (a) Immunoblot of Ut-a2b. (b) The protein abundance of Ut-a2b 
expressed as arbitrary densitometric units per 100 µg protein. Results represent 
mean ± S.E.M. (N=3). Means not sharing the same letter are significantly different 
(P<0.05). 
(a) 












































































Figure 66. Protein abundance of urea transporter A2b (Ut-a2b) in the liver of 
Protopterus annectens during the three phases of aestivation. Protein abundance 
of Ut-a2b in the liver of P. annectens kept in fresh water on day 0 (FW; control), or 
after 6 days (induction phase) of aestivation, or after 6 months (M; maintenance 
phase) of aestivation, or after 1 or 3 days of arousal (Ar) from 6 months of 
aestivation. (a) Immunoblot of Ut-a2b. (b) The protein abundance of Ut-a2b 
expressed as arbitrary densitometric units per 100 µg protein. Results represent 
mean ± S.E.M. (N=3). Means not sharing the same letter are significantly different 
(P<0.05). 
(a) 













































































4.1.10.1. Nucleotide sequence of ut-a2c and the deduced Ut-a2c amino acid 
sequence 
The complete coding cDNA sequence of ut-a2c from P. annectens consisted of 1167 
bp, which encoded for 388 amino acids with an estimated molecular mass of 42.7 
kDa (Appendix 19). The deduced amino acid sequence of Ut-a2c of P. annectens 
was a truncated isoform of Ut-a2b and lacked the first 75 amino acid residues of Ut-
a2b (Fig. 51). An alignment of Ut-a2c of P. annectens with Ut/UT of human, mouse, 
frog, three fishes (coelacanth, dogfish shark and gulf toadfish) and bacteria revealed 
10 transmembrane regions and highly conserved LPXXTXPF motifs (Fig. 51). In 
Ut-a2c of P. annectens, 9 out of 14 urea binding sites were conserved as compared 
to D. vulgaris dvUT (Fig. 51). The urea binding sites of D. vulgaris dvUT, F197, 
E307, F310, F363 and L413, were replaced with Y197, Q307, G310, Y363 and 
F413 in Ut-a2c of P. annectens (Fig. 51). Ut-a2c of P. annectens lacked the UT-B 
ALE domain (Fig. 51). There were 14 potential phosphorylation sites and one N-
glycosylation sites present in Ut-a2c of P. annectens (Fig. 51). 
4.1.10.2. Amino acid sequence comparison of Ut-a2c 
The percentage sequence similarity between Ut-a2c of P. annectens and the other Ut 
isoforms of P. annectens ranged from 78.6% to 83.8% (Table 15). A comparison of 
Ut-a2c of P. annectens with Ut/UT isoforms of other animal species indicated that it 
had the highest sequence similarity with Ut-a2/UT-A2 (45.9–66.7%), followed by 
UT-B (27.0–57.0%), Ut-d (35.3–55.2%), UTA3/UTA4/UTA5 (50.8–54.4%), Ut-c 
(31.5–46.6%) and UT-A1 (25.2–27.2%; Table 15). A comparison of Ut-a2c of P. 
annectens with Ut-a2/UT-A2 of other animal species revealed it had the highest 
sequence similarity with amphibian Ut-a2 (62.1–66.7%), followed by those of 
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chondrichthyes (58.2–63.6%), mammals (56.2–63.4%), L. chalumnae (62.8%) and 
actinopterygians (45.9–51.0%; Table 15). 
4.1.10.3. Phylogenetic analysis of Ut-a2c 
The Ut-a2c of P. annectens was grouped together with Ut-a2a and Ut-a2b of P. 
annectens and had a closer phylogenetic relationship with tetrapod Ut/UT than fish 
Ut (Fig. 52). 
4.1.10.4. Tissue expression of ut-a2c 
Since ut-a2c of P. annectens was a truncated isoform of ut-a2b, no gene-specific 
primers could be designed to pick up ut-a2c only. Instead, the mRNA expression of 
ut-a2c was determined as the difference between the mRNA expression level of ut-
a2b and ut-a2c and the mRNA expression level of ut-a2b.  
4.1.10.5. Effects of aestivation on ut-a2c mRNA expression levels in the gills of P. 
annectens 
There were no significant changes in the mRNA expression levels of ut-a2c in the 
gills of P. annectens during the three phases of aestivation (Fig. 67). 
4.1.10.6. Effects of aestivation on ut-a2c mRNA expression levels in the skin of 
P. annectens 
There were no significant changes in the mRNA expression level of ut-a2c in the 
skin of P. annectens after 3 days of aestivation (Fig. 68). The mRNA expression 
level of ut-a2c increased significantly by 12.6-fold in the skin of P. annectens after 6 
days of aestivation as compared to control values (Fig. 68). The mRNA expression 
levels of ut-a2c returned on control level after 12 days of aestivation (Fig. 68). 
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4.1.10.7. Effects of aestivation on ut-a2c mRNA expression levels in the liver of 
P. annectens 
The mRNA expression level of ut-a2c in the liver of P. annectens increased 
significantly by 4.1-fold after 3 days of aestivation (Fig. 69). However, the mRNA 
expression level of ut-a2c was comparable in the liver of P. annectens after 6 days 
of aestivation (Fig. 69). Subsequently, the mRNA expression level of ut-a2c in the 
liver of P. annectens increased significantly by 2.8-fold after 12 days of aestivation 
as compared to control values (Fig. 69). The mRNA expression levels of ut-a2c 
returned to control values in the liver of P. annectens after 6 months of aestivation 
(Fig. 69). 
4.1.10.8. Effects of aestivation on protein abundance of Ut-a2c in the gills of P. 
annectens 
There were significant decreases in the protein abundance of Ut-a2c in the gills of P. 
annectens after 6 days (by 84%) or 6 months (by 72%) of aestivation (Fig, 70). The 
protein abundance of Ut-a2c returned to control level in the gills of P. annectens 
after 1 day of arousal from 6 months of aestivation (Fig. 70). 
4.1.10.9. Effects of aestivation on protein abundance of Ut-a2c in the skin of P. 
annectens 
There were significant decreases in the protein abundance of Ut-a2c in the skin of P. 
annectens after 6 days (by 54%), 6 months (by 99%) of aestivation, or after 1 day 
(by 66%) or 3 days (by 66%) of arousal from 6 months of aestivation (Fig. 71). 
4.1.10.10. Effects of aestivation on protein abundance of Ut-a2c in the liver of P. 
annectens 
There were significant increases in the protein abundance of Ut-a2c in the liver of P. 
annectens after 6 days (17.1-fold), 6 months (8.4-fold) of aestivation, or after 1 day 
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(27.4-fold) of arousal from 6 months of aestivation (Fig. 72). The protein abundance 
of Ut-a2c returned to control values in the liver of P. annectens after 3 days of 




Table 15. The percentage similarity between the deduced amino acid sequence 
of urea transporter A2c (Ut-a2c) from Protopterus annectens and other Ut/UT 
sequences from other animal species obtained from GenBank (accession 
numbers in brackets). Sequences are arranged in a descending order of similarity. 
Classification Species Similarity 
Sarcopterygians Protopterus annectens Ut-a2b 83.8% 
 Protopterus annectens Ut-a2a 78.6% 
 Latimeria chalumnae Ut-a2 (XP_006007026.1) 62.8% 
Amphibians Rhinella marina Ut-a2 (BAE16706.1) 66.7% 
 Pelophylax esculentus Ut-a2 (CAA73322.1) 63.1% 
 Rana sylvatica Ut-a2 (AFE48181.1) 62.1% 
 Rana septentrionalis Ut-a2 (AFE48183.1) 62.1% 
 Rana pipiens Ut-a2 (AFE48182.1) 62.1% 
Chondrichthyes Squalus acanthias Ut-a2 (AAF66072.1) 63.6% 
 Leucoraja ocellata Ut-a2 (AAL12243.1) 62.3% 
 Callorhinchus milii Ut-a2b (BAH58774.1) 61.6% 
 Dasyatis sabina Ut-a2a (AAQ07592.1) 60.5% 
 Dasyatis sabina Ut-a2b (AAQ23380.1) 60.5% 
 Dasyatis sabina Ut-a2c (AAQ23381.1) 60.5% 
 Triakis scyllium Ut-a2 (BAC75980.1) 60.4% 
 Scyliorhinus canicula Ut-a2 (AEH59797.1) 59.6% 
 Dasyatis say Ut-a2 (AAQ23382.1) 59.2% 
 Callorhinchus milii Ut-a2a (BAH58773.1) 58.2% 
 Callorhinchus milii Ut-db (BAH58776.1) 55.2% 
 Dasyatis sabina Ut-da (AAQ23379.1) 53.9% 
 Dasyatis sabina Ut-db (AAM46683.2) 53.9% 
 Callorhinchus milii UT-da (BAH58775.1) 49.8% 
 Callorhinchus milii Ut-c (BAH58777.1) 46.6% 
Mammals Homo sapiens UT-A2 (CAA65657.1) 63.4% 
 Mus musculus UT-A2 (AAM21206.1) 63.2% 
 Bos taurus UT-A2 (NP_001008666.1) 57.5% 
 Homo sapiens UT-B1 (CAB60834.1) 57.0% 
 Mus musculus UT-B (AAL47138.1) 56.5% 
 Rattus norvegicus UT-B (NP_062219.2) 56.2% 
 Rattus norvegicus UT-A2 (AAB39937.1) 56.2% 
 Mus musculus UT-A5 (AAG32167.1) 54.4% 
 Rattus norvegicus UT-A4 (AAD23099.1) 52.3% 
 Mus musculus UT-A3 (AAG32168.1) 50.9% 
 Rattus norvegicus UT-A3 (AAD23098.1) 50.8% 




Table 15 (continued) 
Classification Species Similarity 
Mammals Bos taurus UT-B (NP_001137574.1) 27.6% 
 Homo sapiens UT-A1 (AAL08485.1) 27.2% 
 Mus musculus UT-A1 (AAM00357.1) 25.3% 
 Rattus norvegicus UT-A1 (AAB50197.1) 25.2% 
Actinopterygians Porichthys notatus Ut-a2 (AGA93882.1) 51.0% 
 Danio rerio Ut-a2 (NP_001018355.1) 50.6% 
 Larimichthys crocea Ut-a2 (KKF10186.1) 50.2% 
 Xiphophorus maculatus Ut-a2 (XP_005804110.1) 50.2% 
 Alcolapia grahami Ut-a2 (AAG49891.1) 48.7% 
 Anguilla japonica Ut-a2 (BAC53976.1) 48.5% 
 Opsanus beta Ut-a2 (AAD53268.2) 48.1% 
 Poecilia formosa Ut-a2 (XP_007559324.1) 47.6% 
 Takifugu rubripes Ut-a2 (BAD66674.1) 47.4% 
 Esox lucius Ut-a2 (XP_010874746.1) 46.7% 
 Larimichthys crocea Ut-d isoform x1 
(XP_010731977.1) 
46.1% 
 Cynoglossus semilaevis Ut-a2 (XP_008335055.1) 46.0% 
 Oryzias latipes Ut-a2 (XP_004072672.2) 45.9% 
 Anguilla japonica Ut-c (BAD66672.1) 35.7% 
 Larimichthys crocea Ut-d isoform x2 
(KKF21937.1) 
35.3% 





Figure 67. mRNA expression levels of urea transporter A2c (ut-a2c) in the gills 
of Protopterus annectens during the three phases of aestivation. Absolute 
quantification of mRNA (×102 copies of transcripts per ng cDNA) of ut-a2c in the 
gills of P. annectens kept in fresh water on day 0 (FW; control), or after 3 or 6 days 
(d; induction phase) of aestivation, or after 12 days or 6 months (M; maintenance 
phase) of aestivation, or after 1 or 3 days of arousal (Ar) from 6 months of 
aestivation. Results represent means ± S.E.M (N=4). Means not sharing the same 



























































Figure 68. mRNA expression levels of urea transporter A2c (ut-a2c) in the skin 
of Protopterus annectens during the three phases of aestivation. Absolute 
quantification of mRNA (×102 copies of transcripts per ng cDNA) of ut-a2c in the 
skin of P. annectens kept in fresh water on day 0 (FW; control), or after 3 or 6 days 
(d; induction phase) of aestivation, or after 12 days or 6 months (M; maintenance 
phase) of aestivation, or after 1 or 3 days of arousal (Ar) from 6 months of 
aestivation. Results represent means ± S.E.M (N=4). Means not sharing the same 



























































Figure 69. mRNA expression levels of urea transporter A2c (ut-a2c) in the liver 
of Protopterus annectens during the three phases of aestivation. Absolute 
quantification of mRNA (×102 copies of transcripts per ng cDNA) of ut-a2c in the 
liver of P. annectens kept in fresh water on day 0 (FW; control), or after 3 or 6 days 
(d; induction phase) of aestivation, or after 12 days or 6 months (M; maintenance 
phase) of aestivation, or after 1 or 3 days of arousal (Ar) from 6 months of 
aestivation. Results represent means ± S.E.M (N=4). Means not sharing the same 



























































Figure 70. Protein abundance of urea transporter A2c (Ut-a2c) in the gills of 
Protopterus annectens during the three phases of aestivation. Protein abundance 
of Ut-a2c in the gills of P. annectens kept in fresh water on day 0 (FW; control), or 
after 6 days (induction phase) of aestivation, or after 6 months (M; maintenance 
phase) of aestivation, or after 1 or 3 days of arousal (Ar) from 6 months of 
aestivation. (a) Immunoblot of Ut-a2c. (b) The protein abundance of Ut-a2c 
expressed as arbitrary densitometric units per 50 µg protein. Results represent mean 
± S.E.M. (N=3). Means not sharing the same letter are significantly different 
(P<0.05). 
(a)  










































































Figure 71. Protein abundance of urea transporter A2c (Ut-a2c) in the skin of 
Protopterus annectens during the three phases of aestivation. Protein abundance 
of Ut-a2c in the skin of P. annectens kept in fresh water on day 0 (FW; control), or 
after 6 days (induction phase) of aestivation, or after 6 months (M; maintenance 
phase) of aestivation, or after 1 or 3 days of arousal (Ar) from 6 months of 
aestivation. (a) Immunoblot of Ut-a2c. (b) The protein abundance of Ut-a2c 
expressed as arbitrary densitometric units per 40 µg protein. Results represent mean 
± S.E.M. (N=3). Means not sharing the same letter are significantly different 
(P<0.05). 
(a)  











































































Figure 72. Protein abundance of urea transporter A2c (Ut-a2c) in the liver of 
Protopterus annectens during the three phases of aestivation. Protein abundance 
of Ut-a2c in the liver of P. annectens kept in fresh water on day 0 (FW; control), or 
after 6 days (induction phase) of aestivation, or after 6 months (M; maintenance 
phase) of aestivation, or after 1 or 3 days of arousal (Ar) from 6 months of 
aestivation. (a) Immunoblot of Ut-a2c. (b) The protein abundance of Ut-a2c 
expressed as arbitrary densitometric units per 30 µg protein. Results represent mean 
± S.E.M. (N=3). Means not sharing the same letter are significantly different 
(P<0.05). 
(a)  













































































4.2.1. Molecular characterization of Aqp 
4.2.1.1. Asparagine-proline-alanine (NPA) motifs 
Although Konno et al. (2010) obtained the full cDNA sequences of aqp0, aqp0p, 
aqp1aa and aqp3a of P. annectens, no work was done on aqp1aa and aqp3a. 
Therefore, this is the first study to isolate and examine aqp1aa, aqp3a, aqp8aa and 
aqp11 in the gills, skin and liver of P. annectens. The deduced amino acid sequences 
of Aqp1aa, Aqp3a and Aqp8aa of P. annectens contain two highly conserved NPA 
motifs that play a crucial role in water-selective permeation and cation/proton 
exclusion (Murata et al., 2000; Fu and Lu, 2007; Wree et al., 2011). The NPA motifs 
form a junction with Van der Waals contacts of the proline rings and an interlocking 
hydrogen-bond network that orients asparagine sidechains and projects their 
terminal amine groups into the aquapore (Guan et al., 2010). In AQP1, water 
molecules align in a long chain and two water molecules are centered about the NPA 
junction, each forming hydrogen bond to the ND2 groups of a NPA asparagine (Sui 
et al., 2001). Molecular dynamics and quantum mechanical simulations of water 
molecules in AQP1 suggest that the central water molecule is capable to form 
hydrogen bonds with the neighboring water molecules, but it can only engage in 
hydrogen bonds orienting outwards from the NPA junction towards the extracellular 
and the cytoplasmic entrances of the channel (de Groot and Grubmuller, 2001, 
Tajkhorshid et al., 2002). Therefore, the lines of water molecules in the two halves 
of the aquapore have opposite hydrogen-bond polarity, preventing protons from 
crossing the aquapore but allowing water to permeate (Tajkhorshid et al., 2002).  
Despite the high amino acid sequence similarity between the Aqp11 of P. 
annectens and those of other animal species, its first NPA is replaced with NPT, 
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which is similar to mammalian AQP12. The NPA motifs may be involved in the 
regulation of membrane trafficking during aquaporin biogenesis (Jiang, 2009; Guan 
et al., 2010). Mammalian AQP11 (NPC) and AQP12 (NPT) that have altered alanine 
in the first NPA motif do not express in the plasma membrane (Morishita et al., 
2005; Itoh et al., 2005), suggesting that alanine in the NPA motifs is important for 
plasma membrane trafficking. Specifically, the replacement of the first NPA motif 
with NPT in AQP4 mutant mimicking AQP12 results in endoplasmic reticulum 
retention (Guan et al., 2010). Therefore, Aqp11 of P. annectens is likely to be 
localized at the endoplasmic reticulum. Since most studies focused predominantly 
on mammalian AQP11 with NPC motif (Ishibashi, 2006; Yakata et al., 2007; 
Ishibashi et al., 2014), and since the function of mammalian AQP12 remains elusive 
at present (Ishibashi et al., 2014), it is unclear whether the replacement of the first 
NPA motif to NPT would affect water permeability in Aqp11 of P. annectens. It has 
been demonstrated that an NPA-null AQP1 mutant can function as an efficient water 
channel (Guan et al., 2010), suggesting NPA itself may not be crucial for the 
channel formation. Therefore, even though there is a replacement of the first NPA 
motif to NPT in Aqp11 of P. annectens, it could still form a channel and there could 
be other structural motifs that enable water permeation in Aqp11 (see section 4.2.1.5. 
for a more detailed discussion). 
4.2.1.2. The aromatic/arginine (ar/R) constriction site and central pore-lining 
residues of Aqp1aa - relationship with water and ammonia transport 
An alignment of the deduced Aqp1aa sequence of P. annectens with those from 
other animal species also revealed highly conserved substrate discriminating 
residues at the ar/R constriction site and the central pore-lining residues. The ar/R 
constriction site for Aqp1aa of P. annectens consists of F63, H187, C196 and R202 
 193 
 
(corresponding to F56, H180, C189 and R195 in human AQP1). In human AQP1, 
C189 is the binding site for AQP1-inhibitor HgCl2 (Preston et al., 1993; Zhang et al., 
1993), while H180 and R195 provide a hydrophilic edge with F56 (Sui et al., 2001). 
The remaining part of the aquapore contains hydrophobic residues, which expose the 
main-chain carboxyl oxygens to the surface of the aquapore (Wu and Beitz, 2007). 
Together with the NPA motifs in AQP1, they act as major sites for channel 
selectivity and proton exclusion (de Groot and Grubmüller, 2005; Wu and Beitz, 
2007). Recent interpretations from molecular dynamics simulations and mutational 
experiments denote that proton exclusion is mostly due to R195 at the ar/R site, and 
depends less on asparagine residues of the NPA motifs (Beitz et al., 2006; Wu et al., 
2009; Wree et al., 2011). 
Beitz et al. (2006) analyzed the function of F56, H180, and R195 of the ar/R 
constriction site in rat AQP1. AQP1-H180A, AQP1-R195V, and AQP1-
H180A/R195V mutants did not affect water permeability, but the double mutant 
AQP1-H180A/R195V allowed urea to pass through (Beitz et al., 2006). In 
agreement with the predicted solute discrimination by size, AQP1-F56A/H180A 
mutant enlarged the maximal diameter of the ar/R constriction site by 3-fold and 
enabled the passage of glycerol or urea (Beitz et al., 2006). While NH3 could not 
permeate through the ar/R constriction site of rat AQP1, it passed through all four 
AQP1 mutants (Beitz et al., 2006). Therefore, a size effect alone couldn't account for 
selectivity against NH3 in AQP1, because ammonia has a size and dipole moment 
similar to those of water. Since Aqp1aa of P. annectens possesses equivalents of 
F56, H180, and R195 in its ar/R constriction site, its intrinsic aquapore probably 
facilitates the permeation of water but not NH3. Therefore, it is possible that NH3 
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can permeate through the central pore of the tetramer of Aqp1aa of P. annectens, as 
proposed for Aqp1aa of A. testudineus (Ip et al., 2013). 
The tonoplast intrinsic proteins (TIP) from Triticum aestivum (TaTIP2;1) 
and Arabidopsis thaliana (AtTIP2;1 and AtTIP2;3) are plant AQP homologs that 
can facilitate NH3 and water transport (Jahn et al., 2004; Loque et al., 2005). The 
conduction of NH3 and water through T. aestivum TaTIP2;2 is differentially affected 
by inhibitors (Bertl and Kaldenhoff, 2007), indicating that NH3 permeation may not 
occur through the monomeric aquapores. Indeed, NH3 is not transported in file with 
water in the T. aestivum TaTIP2;2, but through a separate pathway supplied by the 
fifth central pore in the TaTIP2;2 tetramer conformation (Bertl and Kaldenhoff, 
2007). Furthermore, molecular simulations on Arabidopsis thaliana AtTIP1;2 and 
AtPIP2;1 (plasma membrane intrinsic protein 2-1) which examined the relevance of 
different selectivity filters indicated that ammonia could cross the membrane via the 
central pore instead of the aquapores (Dynowski et al., 2008). The fifth central pore 
consists of mainly hydrophobic amino acids, which provides a path for non-polar 
molecules (Herrera and Garvin, 2011) and can function as a gated channel 
moderated by cGMP interaction with the cytoplasmic loop D (Yu et al., 2006). For 
human AQP1, which is known to facilitate ammonia transport (Nakhoul et al., 2001; 
Musa-Aziz et al., 2009), the central pore-lining residues include V50, L54, L170 and 
L174, which are conserved in Aqp1aa of P. annectens. Therefore, it is reasonable to 
suggest that the central pore formed in its tetrameric conformation in Aqp1aa of P. 
annectens has the physicochemical potential for ammonia permeation. 
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4.2.1.3. The ar/R constriction site of Aqp3a - relationship with water and 
glycerol transport  
The substrate specificity of aquaglyceroporins is determined principally by the ar/R 
constriction site (Klein et al., 2015). In contrast to Aqp1aa, the substrate 
discriminating residues at the ar/R constriction site for Aqp3a comprise of F63, 
G206, Y215 and R221, of which the amino acid substitutions of G206 and Y215 in 
Aqp3a of P. annectens are conserved in Aqp3/AQP3 from human, mouse, frog and 
fish. Since the high resolution crystal structure of Aqp3/AQP3 has not been resolved 
at present, theories of water and glycerol conduction by aquaglyceroporins are based 
on E. coli GlpF (Fu et al., 2000; Jensen et al., 2001). In E. coli GlpF, the substrate 
discriminating residues at the ar/R constriction site comprise of W48, G199, F200 
and R206 (Klein et al., 2015), of which G199, F200 and R206 are the glycerol-
binding sites (Stroud et al., 2003). The aromatic rings of W48 and F200 provides a 
hydrophobic corner to interact with the alkyl backbone of glycerol (Fu and Lu, 
2007). The guanidinium group of R206 and the carbonyl oxygens of G199 and F200 
on the opposing hydrophilic face provide hydrogen bonds for interactions with a pair 
of glycerol hydroxyls (Fu and Lu, 2007). The third glycerol hydroxyl forms 
hydrogen bonds with a water molecule, allowing one-to-one stoichiometric co-
permeation of glycerol and water through the aquapore (Fu and Lu, 2007). It has 
been demonstrated that GlpF-W48F/F200T mutant render the aquapore wider and 
more hydrophilic, thus increasing the occupancy and permeability of water 
(Tajkhorshid et al., 2002). Since W48 and F200 in E. coli GlpF were replaced with 
F63 and Y215 in Aqp3a of P. annectens, respectively, these replacements could 
potentially increase the pore size and hydrophilicity of the aquapore as observed by 
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Tajkhorshid et al. (2002), which could potentially enhance water permeation through 
the aquapore. 
Furthermore, the YRLL basolateral targeting motif present in mammalian 
AQP3 (Cohly et al., 2008) is replaced with NKLL in Aqp3a of P. annectens. 
Mutations on the tyrosine and the di-leucine residues within the YRLL motif of 
AQP3 lead to partial disruption of the protein translocation mechanism in vitro in 
polarised Madin-Darby canine kidney type II cells, whereas a complete mutation of 
the YRLL motif results in complete absence of protein trafficking (Rai et al., 2006). 
Therefore, the presence of both the tyrosine and the di-leucine residues are essential 
for the proper localization of AQP3 at the basolateral membrane (Rai et al., 2006). 
However, it has been demonstrated that Aqp3 is expressed in the basolateral 
membranes of chloride cells of Oreochromis mossambicus (Watanabe et al., 2005), 
Coris julis (Brunelli et al., 2010), Fundulus heteroclitus (Jung et al., 2012) and 
Oryzias latipes (Madsen et al., 2014), even though Aqp3 of these fish species, like 
Aqp3a of P. annectens, contain NKLL instead of the YRLL basolateral targeting 
motif. Therefore, it is possible that protein trafficking in fishes is different from 
those in mammals and the di-leucine motif is sufficient to target Aqp3/Aqp3a to the 
basolateral membrane in fishes.  
4.2.1.4. The ar/R constriction site in Aqp8aa - relationship with ammonia 
transport 
In comparison to other human AQPs, human AQP8 belong to a separate subfamily, 
which is distant from other AQPs (Agemark et al., 2012). Several studies using 
Xenopus occytes (Holm et al., 2005; Liu et al., 2006) and yeast complementation 
experiments (Jahn et al., 2004) indicated that AQP8 can permeate water, hydrogen 
peroxide and ammonia. However, recent evidences indicate that AQP8 does not 
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appear to have major relevance to the facilitated transport of water across the 
mitochondrial membranes (Calamita et al., 2006; Gena et al., 2009), but instead, 
AQP8 plays a more important role in mitochondria uptake of ammonia in the liver 
(Jahn et al., 2004; Saparov et al., 2007; Soria et al., 2010, 2013).  
Efforts were made to compare Aqp8aa of P. annectens with TaTIP2;1 of T. 
aestivum from which functional characterization of Aqp8/AQP8 had been elucidated 
(Liu et al., 2006; Bert and Kaldenhoff, 2007). An alignment of the deduced Aqp8aa 
sequence of P. annectens with TaTIP2;1 of T. aestivum revealed that in the ar/R 
constriction site, H90, I218, R233 are highly conserved. However, G227 and S228 
in TaTIP2;1 of T. aestivum was replaced with A227 and C228 in Aqp8aa of P. 
annectens. The similarity of ar/R constriction site of Aqp8aa of P. annectens as 
compared to TaTIP2;1 of T. aestivum may account for the substrate specificity to 
ammonia (Agemark et al., 2012). In T. aestivum TaTIP2;1, the ar/R constriction site 
comprises H64, I184, G193, S194 and R199 (corresponding to H90, I218, G227, 
S228 and R233 in Fig 18). In order to investigate the importance of the substrate 
discriminating residues of the ar/R constriction site of T. aestivum TaTIP2;1 in the 
transport of ammonia, site directed mutagenesis was employed by Jahn et al. (2004). 
While wild-type TaTIP2;1 supported growth on NH4
+, TaTIP2;1-I184H mutant 
significantly reduced growth of the yeast mutant on NH4
+ and TaTIP2;1-H64F and 
TaTIP2;1-I184H/G193C mutants do not support growth on NH4
+ (Jahn et al., 2004). 
Therefore, H64, I184 and G193 in T. aestivum TaTIP2;1 are important for the 
transport of ammonia (Jahn et al., 2004), which is equivalent to H90, I218 and A227 
in Aqp8aa of P. annectens. The replacement of G193 in TaTIP2;1 T. aestivum with 
alanine in Aqp8aa of P. annectens should not affect the size of the ar/R constriction 
site as glycine and alanine are small non-polar amino acids. The replacement of 
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S194 in TaTIP2;1 with cysteine in Aqp8aa of P. annectens could make Aqp8aa 
sensitive to HgCl2 inhibition (Liu et al., 2006). Similar to R202 of Aqp1aa and R221 
of Aqp3a, R233 of Aqp8aa is involved in proton exclusion (see section 4.2.1.2. for a 
more detailed discussion).  
4.2.1.5. The constriction site and pore-lining residues of Aqp11 
Aqp1aa, Aqp3a and Aqp8aa of P. annectens have an ar/R constriction site 
characterized by the presence of an arginine and an aromatic residue. However, the 
constriction site of Aqp11 of P. annectens comprises L89, V216, A225 and L231, 
which are conserved in Aqp11/AQP11 from human, mouse, frog and fish. These 
amino acids are hydrophobic and found in positions corresponding to the ar/R 
constriction site of other Aqp/AQP (Calvanese et al., 2013). At present, it is still 
unclear how the substitutions of these amino acids could affect the function of 
Aqp11/AQP11 (Calvanese et al., 2013). Beitz et al. (2006) demonstrated that 
individual or joint mutation of the residues of the ar/R constriction site of AQP1 
lowered its substrate selectivity. While AQP1-R195V mutant did not affect water 
permeability, it allows the passage of protons (Beitz et al., 2006). Therefore, the 
substitution of non-polar amino acids at the constriction site could potentially alter 
the substrate specificity in Aqp11 of P. annectens. 
Besides the residues at the constriction site, four unique pore-lining residues 
in human AQP11 (corresponding to H72, Y93, F227 and C239 in Fig 23) are 
proposed to maintain the shape, composition and electrostatics of the channel 
(Calvanese et al., 2013). In P. annectens, H72, Y93 and C239 are conserved, but 
I227 in Aqp11 of P. annectens is replaced with F227 in Aqp11/AQP11 of human, 
mouse, frog and fish. H72 is located at the periplasmic site of the channel that is 
unique in AQP11 (Calvanese et al., 2013). Y93 contribute to narrow the pore-lining 
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region of the channel of AQP11, when compared to the corresponding AQP0 and 
AQP1 residues (Calvanese et al., 2013). In the 3D model of AQP11, the side chain 
of Y93 occupies a pore-lining region near to the side chain of Y23 of AQP0, 
suggesting an important role of Y93 in AQP11 in influencing the electrostatics of 
the aquapore (Calvanese et al., 2010). C239 plays an important role in subcellular 
localization, water permeability, and multimerization of AQP11 (Takahashi et al., 
2014). Cells expressing the C239S or C239A mutants have significantly higher 
osmotic water permeability, while the mutation lowers the cell surface expression 
and multimerization levels (Takahashi et al., 2014). F227 in human AQP11 is 
proposed to be an alternative residue for the ar/R constriction site for human AQP11 
and corresponds to isoleucine, valine and leucine in other AQPs (Calvanese et al., 
2013). Therefore, the replacement of aromatic F227 in human AQP11 with the 
smaller and non-polar I227 in Aqp11 of P. annectens could potentially alter the size 
of the constriction site and/or the pore. 
4.2.2. Molecular characterization of Rhgp 
4.2.2.1. Molecular characterization of Rhgp – relationship with ammonia 
transport 
In P. annectens, there are three isoforms of Rhgp (Rhag, Rhbg and Rhcg). The 
presence of 12 transmembrane domains in Rhag, Rhbg and Rhcg of P. annectens are 
in agreement with the typical topology found in fish and mammalian Rhgp/RhGP 
models (Liu et al., 2000; Huang and Peng, 2005; Weihrauch et al., 2009; Wright and 
Wood, 2009), indicating their possible function as ammonia transporters. As NH3 
and NH4
+ exist in equilibrium with a pKa of 9.25 (Khademi and Stroud, 2006), NH4
+ 
would be the predominant form at physiological pH. Phospholipid bilayer has low 
permeability to ions, and transport of NH4
+ across cell membrane requires the 
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participation of transporters. However, it remains controversial whether Rhgp/RhGP 
transports NH4
+ or NH3 at present (see section 1.4 for more details). Efforts were 
made in this study to examine the molecular characteristics of Rhgp in P. annectens 
to gain insights to their NH3/NH4
+ transport mechanism. Four structural motifs have 
been identified in E. coli AmtB and H. sapiens RhCG that could be important for 
NH3/NH4
+ transport (Khademi et al., 2004; Gruswitz et al., 2010; Baday et al., 2015), 
which includes the residues involved in (1) the gating of the channel, (2) 
deprotonation of NH4
+ and NH3 conduction, (3) NH4
+ binding and (4) the acidic 
pore-lining residues. 
In E. coli AmtB, F107 and F215 (corresponding to F130 and F235 in human 
RhCG; Gruwitz et al., 2010) are involved in the gating of the channel which supply 
π-cation interaction for NH4+. Furthermore, transient movement of side chains of 
F130 and F235 in human RhCG is necessary for ammonia conductance (Khademi et 
al., 2004). Notably, RhCG-F235V mutant expressed in HEK293 cells results in 
decreased rate of NH3 transport, presumably caused by decreased cations-π 
interaction with NH4
+ (Zidi-Yahiaoui et al., 2006). In P. annectens, both 
phenylalanine residues (F138 and F249 in Rhag, F140 and F251 in Rhbg and F146 
and F257 in Rhcg) were conserved in all the Rhgp. 
In human RhCG, D177, S181, H185 and H344 are identified to be involved 
in the deprotonation of NH4
+ for NH3 conduction (Gruswitz et al., 2010; Baday et al., 
2015). These residues are conserved in all the Rhgp of P. annectens, except for 
Rhcg by which S181 in human RhCG is replaced with threonine in Rhcg of P. 
annectens. The twin histidines (H185 and H344) are hydrogen bonded to each other 
via their NδH–Nδ and intrude into the center of the channel (Gruswitz et al., 2010). 
Double mutants of the twin histidines in the E.coli AmtB are not functional in 
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ammonia transport (Javelle et al., 2006; Hall and Kustu, 2011; Wang et al., 2013; 
Hall and Yan, 2013). Therefore, the twin histidines are required for optimal NH3 
permeation (Javelle et al., 2006). NH4
+ is recruited to the twin histidines of RhCG, 
of which the transfer of the proton from NH4
+ to H185 prevents the protein from 
binding with an incoming NH4
+, and thus, the deprotonation of H185 constitutes a 
key event in the permeation mechanism (Baday et al., 2015). Subsequently, the 
proton is transferred back to the extracellular side through a network of hydrogen 
bonds that involves D177 and S181 (Baday et al., 2015). D177N mutant expressed 
in HEK293 cells impair NH4
+ transport in RhCG (Zidi-Yahiaoui et al., 2009). 
However, Baday et al. (2015) proposed that S181 was not directly involved in the 
proton transfer but it played a structural role by maintaining D177 in position, 
allowing for the formation of a stable water chain between D177 and H185. 
Therefore, the change of S181 in human RhCG to threonine in Rhcg of P. annectens 
should not affect the deprotonation of NH4
+ for NH3 conduction. Taken together, the 
results indicate that Rhgp of P. annectens can deprotonate NH4
+ and mediate the 
transport of NH3 through a hydrophobic pore.  
Based on molecular dynamics simulation, G179, H185, F235 and N236 are 
identified to be involved in NH4
+ binding in human RhCG (Baday et al., 2015), 
which are conserved in all the Rhgp of P. annectens. Besides that, five acidic 
residues (D129, E166, D218, D278 and E329) lining the extracellular and 
intracellular vestibule of human RhCG may play a role of NH4
+ binding (Gruswitz et 
al., 2010). E166, D218 and D278 are conserved in all the Rhgp of P. annectens. 
D129 is conserved in Rhag and Rhcg of P. annectens, but is replaced with glutamate 
in Rhbg of P. annectens. E329 is replaced with alanine in Rhag and Rhcg and 
aspartate in Rhbg of P. annectens. The replacement of E329 in human RhCG with 
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non-polar alanine in Rhag and Rhcg of P. annectens could potentially affect NH4
+ 
binding.  
Besides the four structural motifs, F103, F107 and W148 are identified to be 
π cation binding sites in E. coli AmtB. F107 in E. coli AmtB is conserved in all the 
Rhgp of P. annectens. F103 in E. coli AmtB is replaced with isoleucine in all the 
Rhgp of P. annectens, while W148 in E. coli AmtB is replaced with valine in Rhag 
and Rhbg and leucine in Rhcg of P. annectens. Notably, E. coli AmtB-W148L 
mutant increases the flux of NH4
+ significantly with dependency on the 
electrochemical potential gradient across the membrane as compared to wild type 
AmtB (Fong et al., 2007). If indeed Rhgp of P. annectens transport NH4
+, the 
replacement of W148 in E. coli AmtB with smaller non-polar amino acids might 
potentially increase the flux of NH4
+. 
Taken together, the four structural motifs are conserved in Rhgp of P. 
annectens, with minor amino acid substitutions at selected positions. However, it is 
important to note that based on molecular characterization alone, a definite 
conclusion on the function of the Rhgp cannot be drawn (Lee et al., 2007; Jacobson 
et al., 2014). Therefore, experimental testing remains essential to examine the 
function of the Rhgp of P. annectens and efforts should be made in the future to 
elucidate whether Rhgp of P. annectens could transport NH3 and/or NH4
+. 
4.2.2.2. Involvement of Rhgp in CO2 transport? 
Besides facilitating NH3/NH4 transport, it has been demonstrated that human RhGP 
could facilitate CO2 transport (Bakouh et al., 2006; Geyer et al., 2013). While NH3 
has been proposed to move through the monomeric pores of AmtB and RhAG, CO2 
could enter through the hydrophobic central pore of the trimeric protein (Musa-Aziz 
et al., 2009). In order to identify potential CO2 binding sites, native Nitrosomonas 
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europeaea Rh50 protein crystals has been pressurized under CO2 and then flash-
cooled in liquid N2 (Li et al., 2007). Several potential CO2 binding sites (L58, F61, 
D201, S204, M205, I260, V261, A264, and N265) are identified in N. europeaea 
Rh50, of which three polar amino acid residues (D201, S204, and N265) form 
hydrogen bonds with CO2 (Li et al., 2007). L58, F61, D201, M205, V261 and N265 
are conserved in all Rhgp of P. annectens. S204 is conserved in Rhcg, but is 
replaced with alanine in Rhag and Rhbg of P. annectens. I260 and A264 are 
replaced with methionine and glutamine, respectively, in all Rhgp of P. annectens. 
Similar to the observation obtained by Li et al. (2007), the replacement of amino 
acid residues in the potential CO2 binding sites is generally by a residue with similar 
properties. Furthermore, there are at least three polar CO2 binding residues in all 
Rhgp of P. annectens that could form hydrogen bonds with CO2, thus indicating 
their potential in facilitating CO2 transport. 
4.2.3. Molecular characterization of Ut 
4.2.3.1. Urea binding sites 
In P. annectens, there are three isoforms of Ut (Ut-a2a, Ut-a2b and Ut-a2c), of 
which they show the highest sequence similarity with Ut-a2/UT-A2 and lack the 
ALE motif present in UT-B. Therefore, the Ut isoforms of P. annectens belong to 
the Ut-A2/UT-A2 group. The presence of 10 transmembrane domains in Ut-a2a, Ut-
a2b and Ut-a2c of P. annectens are in agreement with the typical topology found in 
bacterial and mammalian Ut/UT models (You et al., 1993; Levin et al., 2009; 
Raunser et al., 2009; Wang et al., 2015), indicating their possible function in 
transporting urea.  
Using molecular dynamics simulations, Monte Carlo methods, and the 
adaptive biasing force approach, potential urea binding sites (Q24, V25, F27, F80, 
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L84, L129, T130, E187, V188, F190, F243, L247, L293 and T294) of Desulfovibrio 
vulgaris dvUT are elucidated (Wang et al., 2015). Based on the structures obtained, 
it has been proposed that the urea transport mechanism involves regions P, T3 and 
T5 of dvUT (Shayakul et al., 2013). Along one side of the urea pore, E187 and V188 
from helix Pb and V25 and Q24 from helix Pa form two linear arrays of three 
oxygen atoms, which can form hydrogen bonds with the amide hydrogen atoms of 
the urea molecule (Wang et al., 2015). On the other hand, L293 and T294 from helix 
T5b and T130 and L129 from helix T5a provide hydroxyl or amide hydrogens that 
can potentially form hydrogen bonds with the carbonyl oxygen atoms of urea (Wang 
et al., 2015). The hydroxyl arms of T294 and T130 are flexible enough to follow the 
movement of urea, thus facilitating the transition of the urea molecule from one 
oxygen ladder to another (Wang et al., 2015). F190 and F243 from the periplasmic 
side and F27 and F80 from the cytoplasmic side, compress the pore into a slot-like 
shape, while L247 and L84 positioning in the middle of the pore could destabilize 
polar molecules such as water and urea in this region (Wang et al., 2015). Therefore, 
the urea pore of dvUT is made of hydrophobic and hydrophilic regions which allow 
the urea molecules to pass through smoothly (Wang et al., 2015). 
Q24, V25, F27, L84, T130, V188, L247 and T294 in dvUT are conserved in 
the three Ut isoforms of P. annectens. F80, F190 and F243 in dvUT are replaced 
with tyrosine, glycine and tyrosine, respectively, in the three Ut isoforms of P. 
annectens. It is proposed that the phenylalanine residues play an important role in 
the transport selectivity of UTs, by differentiating the size, shape and electronic 
configuration of potential substrates (Shayakul et al., 2013). Furthermore, the 
phenylalanine residues determine the orientation of the urea substrate for transport, 
whereas the transport itself is directed by a succession of oxygen atoms (Shayakul et 
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al., 2013). Therefore, the replacement of these phenylalanine residues could 
potentially alter the shape of urea pore and transport selectivity of the three Ut 
isoforms of P. annectens. L129 is conserved in Ut-a2b and Ut-a2c of P. annectens, 
but is replaced with phenylalanine in Ut-a2a of P. annectens. E187 is replaced with 
leucine in Ut-a2a and glutamine in Ut-a2b and Ut-a2c of P. annectens. L293 is 
replaced with cysteine in Ut-a2a and phenylalanine in Ut-a2b and Ut-a2c of P. 
annectens. Since L129, E187 and L293 contribute to form hydrogen bonds with urea, 
the replacement of these residues could potentially affect urea binding in the 
respective Ut isoforms of P. annectens. 
4.2.3.2. The importance of post-translational modifications in Ut/UT 
The deduced amino acid sequences of Ut-a2a, Ut-a2b and Ut-a2c of P. annectens 
contain several potential phosphorylation sites and at least one N-glycosylation site, 
which are in agreement with those of UT-A and UT-B of H. sapiens (You et al., 
1993; Olives et al., 1994). The presence of the phosphorylation and glycosylation 
sites in the three Ut isoforms of P. annectens indicates that it can be regulated 
through post-translational modifications in response to changes in environmental 
conditions. 
While there is little information on the phosphorylation of UT-A2 at present 
(Shayakul et al., 2013), it has been demonstrated that UT-A1 and UT-A3 have 
multiple protein kinase A phosphorylation sites that can be targets for cAMP and 
vasopressin regulation (Blount et al., 2008; Hwang et al., 2010) and protein kinase C 
phosphorylation sites that responds to angiotensin-II stimulation and hypertonicity 
(Wang et al., 2010). Studies in the vasopressin treated inner medullary collecting 
ducts suspensions indicated that most phosphorylated UT-A proteins were mainly 
restricted within intracellular compartments (Hwang et al., 2010). It has been 
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suggested that protein kinase A phosphorylation plays a central role in UT-A 
trafficking but that the protein might be rapidly dephosphorylated on delivery to the 
plasma membrane. Additionally, vasopressin also stimulates UT-A3 trafficking to 
the basolateral membrane via a casein kinase II dependent pathway that involves 
both protein kinase C and calmodulin (Stewart et al., 2009). 
Furthermore, UT-A1 contains two putative N-glycosylation sites while the 
protein is differentially glycosylated generating the 97 and 117 kDa isoforms on 
immunoblots (Bradford et al., 2001). N-glycosylation of UT-A1 is important for 
functional activity and vasopressin response by promoting UT-A1 trafficking to a 
membrane lipid raft subdomain, and therefore it accumulates in the apical plasma 
membrane (Chen et al., 2011). Mutation of both glycosylation sites results in 
reduced urea flux by diminishing UT-A1 accumulation in the plasma membrane and 
protein stability (Chen et al., 2006).  
4.2.4. Dendrogramic analyses of Aqp, Rhgp and Ut isoforms in P. annectens 
The physiological barriers for aquatic organisms adapting to terrestrial life include 
desiccation and the impediment of ammonia excretion. These barriers was overcome 
by the Devonian ancestors of extant Tetrapoda, but the origin of specific molecular 
mechanism that solve these problems remains elusive at present (Finn et al., 2014; 
Takei, 2015). Recently, it was reported that the divergence of sarcopterygian-
specific aqp gene clusters was permissive for the evolution of water conservation 
mechanisms that facilitated tetrapod terrestrial adaptation (Finn et al., 2014). 
Furthermore, several rounds of gene duplication events involving aqp (Cerdà and 
Finn, 2010; Finn et al., 2014; Finn and Cerdà, 2015), rhgp (Huang and Ye, 2010) 
and ut (LeMonie and Walsh, 2015) have occurred during the evolution of 
vertebrates and may account for the colonization of early tetrapods to terrestrial 
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environment. Since lungfishes share similarities with both fishes and amphibians, 
and are important species for studies on the transition between fishes and tetrapods, 
dendrogramic analyses of Aqp, Rhgp and/or Ut in P. annectens could provide 
molecular clues to the evolutionary relationship of lungfishes to teleosts and 
tetrapods.  
Lungfishes are believed by many neontologists to be a sister group of 
amphibians (Forey, 1986). This view is supported by molecular phylogenetic studies, 
which show lungfishes to be the closest living relatives of tetrapods (Zardoya et al., 
1998; Tohyama et al., 2000; Takezaki et al., 2004; Hallström and Janke, 2009; 
Amemiya et al., 2013). Our dendrogramic analyses indicated that Aqp1aa, Aqp3a, 
Aqp8aa, Aqp11, Rhag, Ut-a2a, Ut-a2b and Ut-a2c were grouped closer to tetrapods, 
while Rhbg and Rhcg were grouped closer to fish. When taken together with the 
phylogenetic information based on the deduced amino acid sequences of other genes 
of P. annectens, our results are in agreement with the notion that lungfish is the 
intermediary form between fish and tetrapods. Since lungfishes are the closest living 
sister group of land vertebrates, they would logically possess some genes/proteins 
that are closer to those of other fishes (Cps III, Loong et al., 2012a; Ass, Chng et al., 
2014) and others that have greater similarity to those of tetrapods (Asl, Chng et al., 
2014; Na+/K+-ATPase α-subunit (Nkaα) isoforms, Hiong et al., 2014; L-gulono-γ-
lactone oxidase (Gulo), Ching et al., 2014; betaine-homocysteine S-
methyltransferase 1 (Bhmt1), Ong et al., 2015; coagulation factor II (F2) and 
fibrinogen gamma chain (Fgg) , Hiong et al., 2015a). 
Huang and Peng (2005) reported that Rh homologs cluster in subgroups and 
suggested that natural selection had acted differently on these subgroups. As a whole, 
the Rhgp/RhGP are highly conserved, but its subgroups vary in divergence rate and 
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sites which could be related to functional specification to species adaptation (Huang, 
2008). In invertebrates, there are negative selection on Rh proteins and a similar 
degree of sequence identity to the individual vertebrate subgroups, RhBG > RhCG > 
RhAG > Rh30 (Huang, 2008). While there are negative selection on epithelial Rh 
homologs (Rhbg and Rhcg) in vertebrates, positive selection occurs to erythroid Rh 
proteins (Rh30 and Rhag; Huang and Ye, 2010). Therefore, erythroid Rh proteins 
diverge more rapidly compared to epithelial Rh proteins (Huang and Ye, 2010), 
accounting why Rhag of P. annectens is grouped closer to the tetrapods, while Rhbg 
and Rhcg of P. annectens are grouped closer to the fish.  
In the absence of information on the three isoforms of ut/Ut in P. annectens 
in this study, LeMoine and Walsh (2015) reported that while several gene 
duplication events of ut occurred during the evolution of lower vertebrates, the 
presence of a single ut in primitive lobe-finned fishes could indicate that the loss of 
duplicated ut isoforms occurred prior to the Sarcopterygian radiation. Furthermore, 
the presence of a single homologous ut gene in amphibians supports the early 
deletion or pseudogenization of duplicated ut genes in primitive tetrapod lineages 
(LeMoine and Walsh, 2015). However, there are three isoforms of ut/Ut in P. 
annectens. Therefore, the loss of duplication of ut isoforms should not occur during 
the evolution of lungfishes, but during the evolution of amphibians. 
4.2.5. New insights into transcriptional and translational processes in P. 
annectens during aestivation 
From a physiological standpoint, aestivation has often been associated with 
metabolic depression, because conservation of metabolic fuels is essential during 
long periods of aestivation without food intake (Storey, 2002). As transcription and 
translation are energy-intensive processes, there should be strong global suppression 
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of gene expression and protein synthesis during metabolic depression (Storey and 
Storey, 2010). However, it should not be generalized that all transcriptional and 
translational activities are suppressed in every organs during the three phases of 
aestivation. Results from this study indicated that there were up-regulation and 
down-regulation of aqp/Aqp, rhgp/Rhgp and ut/Ut isoforms in the gills, skin and 
liver of P. annectens during the three phases of aestivation. Similar observations 
have been made for the mRNA expression levels of cps III (Loong et al., 2012a), ass 
and asl (Chng et al., 2014), and the mRNA expression levels and/or protein 
abundance of nkaα/Nkaα isoforms (Hiong et al., 2014), gulo/Gulo (Ching et al., 
2014), bhmt1/Bhmt1 (Ong et al., 2015), f2/F2, fgg/Fgg (Hiong et al., 2015a), Nos, 
Akt, heat shock protein 90 and hypoxia inducible factor 1α (Garofalo et al., 2015) in 
various tissues/organs of P. annectens during the three phases of aestivation. In fact, 
Hiong et al. (2014) reported that more genes were up-regulated than being down-
regulated in the brain of P. annectens during the induction and maintenance phases 
of aestivation, although the opposite would be expected in a situation of metabolic 
depression. Therefore, despite the suppression of transcriptional and translational 
activities in general, there could be increases in the syntheses of certain genes and/or 
proteins in specific organs of P. annectens during aestivation as suggested by Ip and 
Chew (2010a). 
The cellular machinery responsible for directing gene and protein expression 
programs includes a vast array of non-coding RNAs and proteins whose complex 
interplay drives gene expression, mRNA transcript handling, protein synthesis, and 
post-translational processing to create the final functional protein and place it in the 
correct subcellular destination (Tessier and Storey, 2014). In particular, gene 
expression is regulated by signal transduction pathways, epigenetic factors, 
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transcription factors and other constituents of the transcriptional machinery, 
including mRNA processing factors, components of the translational apparatus and 
the subcellular distribution of each of these factors (Tessier and Storey, 2014). The 
synthesis and maintenance of protein are determined by a balance of regulation of 
linked processes, spanning from the transcription, processing and degradation of 
mRNAs to the translation, localization, modification and programmed destruction of 
the proteins (Vogel and Marcotte, 2012). It has been common practice to use mRNA 
expression levels as proxies for the abundances and activities of the corresponding 
proteins, thereby assuming that the mRNA expression levels are the main 
determinant of protein abundances (Vogel and Marcotte, 2012). However, in both 
bacteria and eukaryotes, the cellular protein abundances correlate with the 
abundances of their corresponding mRNAs with a squared Pearson correlation 
coefficient of ~0.40, implying that ~40% of the variation in protein abundance can 
be explained by the mRNA expression levels (de Sousa et al., 2009; Maier et al., 
2009). The remaining ~60% of the variation can be explained by post-transcriptional 
regulation and measurement noise (de Sousa et al., 2009; Maier et al., 2009; Csárdi 
et al., 2015). Therefore, it is not surprising that the changes in the mRNA expression 
levels may not correspond to the changes in the respective protein abundance in the 
gills, skin and liver of P. annectens during the three phases of aestivation in this 
study. 
In contrast to aestivation, hibernation refers to a reversible state of suspended 
animation employed as a survival strategy to survive long winter months with 
limited food (Wang and Lee, 1996). During hibernation, there are regulatory 
mechanisms which act to globally reduce transcription (Morin and Storey, 2006) and 
translation (Frerichs et al., 1998) in the course of torpor, but there are a small subset 
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of stress-responsive pathways that are activated in order to overcome the stresses 
associated with the hibernating phenotype (Hittel and Storey, 2001; Eddy et al., 
2005; Yan et al., 2008). Furthermore, shotgun proteomics analysis on hibernating 
arctic ground squirrel revealed that there were discrepancies between the mRNA and 
protein levels for a large number of genes (Shao et al., 2010). Tessier and Storey 
(2014) proposed three regulatory mechanisms that could control the gene/protein 
expression and provide the hibernating cell with the means to survive the stresses 
associated with cycles of torpor-arousal (e.g., hypothermia and ischemia-
reperfusion). Firstly, the involvement of mRNA processing factors and other 
interacting proteins could protect and stabilize mRNA pools, and control the rates of 
translation during the torpor and arousal of hibernation (Tessier and Storey, 2014). 
Secondly, the regulation of initiation and elongation translation factors could be 
employed to achieve global reductions in translation and promote the preferential 
synthesis of key proteins (Tessier and Storey, 2014). Thirdly, the subcellular 
organization and distribution of mRNA factors in intracellular compartments such as 
the nucleus and cytoplasm could be strictly regulated, rendering the various 
components to differentially associate with cellular structures in ways that regulate 
their availability, activity, and net cellular response during hibernation (Tessier and 
Storey, 2014). Interestingly, Icardo et al. (2008) reported that the myocytes in the 
trabeculae associated with the free ventricular wall of P. dolloi showed structural 
signs of low transcriptional and metabolic activity (heterochromatin, mitochondria 
of the dense type) when the lungfish was in fresh water. By contrast, these signs 
were partially reversed in aestivating lungfish (euchromatin, mitochondria with a 
light matrix), and paradoxically, aestivation appeared to trigger an increase in 
transcriptional and synthetic myocardial activities, especially at the level of the 
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ventricular septum (Icardo et al., 2008). This is the first indication of an increase in 
biological activity in lungfish during aestivation. It would appear that similar to 
hibernation, the mRNA factors are compartmentalized in the nucleus and the 
subcellular compartmentation of the transcriptional and/or translational machineries 
is strictly regulated, thus controlling the gene and protein expression during 
aestivation. Therefore, as pointed out by Ip and Chew (2010a), aestivation cannot be 
associated simply with a general depression of metabolism. Aestivation involves a 
complex interplay between up-regulation and down-regulation of diverse cellular 
activities and tightly-controlled subcellular organization of transcriptional and/or 
translational machineries, whereby certain genes and/or proteins clusters are 
strategically up-regulated or down-regulated to meet the challenges associated with 
aestivation. Since protein abundances are more direct determinants of cellular 
functions (Vogel and Marcotte, 2012), the subsequent discussion will focus mainly 
on the protein abundance and the discussion on the mRNA expression levels will 
only be discussed when necessary. 
4.2.6. Molecular changes in the gills of P. annectens during the three phases of 
aestivation 
4.2.6.1. The induction phase 
4.2.6.1.1. The possible involvement of Aqp1aa and Aqp3a in mucus secretion 
and cocoon formation 
African lungfishes escape desiccation during the torrid season in its natural habitat 
by burrowing into the mud and forming a mucus cocoon in which it remains for 
months until the waters return. As the mud of the burrow hardens, the lungfish is 
covered entirely with a presumably waterproof cocoon that is open only at the 
mouth for breathing (Smith, 1930, Johnels and Svensson, 1954). However, being 
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surrounded by mud is not a prerequisite for cocoon formation. During the induction 
phase of aestivation, African lungfishes are known to secrete large quantities of 
mucus, which subsequently dries up to form a mucus cocoon (Chew et al. 2004; Ip 
et al. 2005a; Loong et al. 2005, 2008a, b, 2012a). While being encased in the cocoon, 
the aestivating lungfish undergoes a series of physiological adjustments. Hence, the 
formation of a mucus cocoon is an important step of the aestivation process. There 
are evidences that mucus is produced and secreted by the skin (see section 4.2.7.1.1. 
for a more detailed discussion), but the possibility of the gills contributing to mucus 
secretion cannot be ignored. At the beginning of aestivation, the gills are covered by 
a thick layer of mucus that filled the interlamellar space (Sturla et al., 2001). The 
lamellae show a close association; a layer of mucus is stratified on the lamellae and 
interlamellar surface (Sturla et al., 2001). While the composition of the mucus is 
uncertain at present, it is apparent that it comprises water (Shephard, 1994; Ángeles 
Esteban, 2012), of which its transport can be facilitated by Aqp in the gills. Indeed, 
the protein abundances of Aqp1aa and Aqp3a in the gills of P. annectens on day 6 of 
aestivation were comparable to those of control fish, suggesting the presence of 
transepithelial water transport in the gills of P. annectens during the induction phase 
of aestivation that could be comparable to those of control fish. By maintaining the 
protein abundances of Aqp1aa and Aqp3a in the gills of P. annectens as compared 
to control fish, Aqp1aa and Aqp3a can facilitate transepithelial water transport and 
be involved in mucus secretion and cocoon formation in the gills of P. annectens, 
whereby the mucus layer can protect the gills from evaporative water loss during the 




Table 16. Summary table on the changes in protein abundances of Aqp, Rhgp 
and Ut isoforms in the gills of P. annectens during the three phases of 
aestivation. Decreases in expression are denoted with ‘↓’, while increases in 
expression are denoted with ‘↑’. No significant changes in expression are denoted 
with ‘=’.  
 
Protein Aestivation 
Induction Maintenance Arousal 
Aqp1aa = ↓ ↓ 
Aqp3a = ↓ ↓/= 
Rhag ↓ ↓ = 
Rhbg = ↓ ↓/= 
Rhcg = ↓ = 
Ut-a2a = = ↑ 
Ut-a2b ↑ ↑ ↑/= 





4.2.6.1.2. A decrease in the Rhag protein abundance could be related to 
decreases in ammonia production and excretion 
In humans, RhAG/RhAG is expressed in erythrocytes and erythropoeitic tissues 
(Weihrauch et al., 2009; Wright and Wood, 2009) and involved in mediating 
ammonia transport so that erythrocytes are able to transport toxic ammonia for 
excretion (Westhoff et al., 2002). Since the gills of P. annectens were not perfused 
before sampling in this study, the gill samples naturally contained erythrocytes. The 
ammonia produced or released from the liver (and other organs) may be carried by 
the erythrocytes (and plasma) to the gills where ammonia is released through Rhag 
to be transferred to the epithelial cells of the gills for excretion. Loong et al. (2005) 
reported that the rates of urea synthesis in P. aethiopicus and P. annectens exposed 
to air for 6 days increased only 1.2- and 1.5-fold, respectively, which were smaller 
than that in P. dolloi. However, aerial exposure induced relatively greater degrees of 
reductions in ammonia production in P. aethiopicus (34%) and P. annectens (37%) 
compared with P. dolloi (28%). It would appear that P. aethiopicus and P. annectens 
depended more on a reduction in ammonia production than an increase in urea 
synthesis to ameliorate ammonia toxicity during the induction phase. Furthermore, 
there were significant increases in the contents of urea, but not ammonia, in the 
tissues of P. annectens after 12 days of aestivation in air (Loong et al., 2008a). 
Therefore, the decrease in the protein abundance of Rhag could indicate that there 
could be less ammonia carried in erythrocytes, and/or there could be a decrease in 
the release of ammonia from the erythrocytes to the plasma in P. annectens during 
the induction phase. 
Furthermore, Rhag is localized in both the apical and basolateral membranes 
of the pillar cells in Takifugu rubripes (Nakada et al., 2007), membranes that 
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surrounds the lamellar blood spaces in the gills of Danio rerio (Braun et al., 2009a), 
and in the pillar cells, the lamellar epithelial cells and the outer edge of the 
interlamellar cell mass enriched with Nka in Carassius auratus (Perry et al., 2010). 
Therefore, it is also possible that Rhag of P. annectens is expressed in the gills of P. 
annectens and the decrease in the protein abundance of Rhag might reduce ammonia 
excretion in the gills of P. annectens during the induction phase.  
4.2.6.1.3. Changes in the protein abundance of Ut-a2b and Ut-a2c could lead to 
the retention of urea 
Hung et al. (2009) reported the complete coding cDNA sequence of a putative urea 
transporter (lfut) in P. annectens, which is equivalent to ut-a2a in this study. Since 
Hung et al. (2009) were unaware of the existence of ut-a2b and ut-a2c in their study, 
the primers that they designed could actually pick up all three isoforms of ut. 
Therefore, their results are erroneous. Furthermore, in their study (Hung et al., 2009), 
the lungfish were exposed to terrestrialisation before reimmersion. 
‘Terrestrialization’ was a term used originally by Wood et al. (2005) and Wilkie et 
al. (2007) to describe simply a prolonged period of aerial exposure in P. dolloi with 
the occasional addition of water to prevent the complete formation of a dried cocoon 
(Chew et al., 2015). Unlike aestivating fish, those undergoing terrestrialization 
exhibited occasional movement and were not confronted with desiccation which 
should theoretically lead to tissue dehydration (Chew et al., 2015). In essence, the 
fish exposed to terrestrialization was sustained in a prolonged induction phase of 
aestivation (Wood et al., 2005a, Wilkie et al., 2007). Therefore, the effects of the 
three phases of aestivation (instead of terrestrialization) on the mRNA expression 
levels and protein expression of ut/Ut isoforms have to be re-evaluated. 
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During the induction phase, there were significant increases in the protein 
abundance of Ut-a2b and significant decreases in the protein abundance of Ut-a2c in 
the gills of P. annectens. Without water, urea excretion is unlikely to occur in the 
gills during the induction phase. Therefore, it is only logical that the increase in the 
protein abundance of Ut-a2b facilitates urea transport within the gills, resulting in 
urea accumulation in the gills during the induction phase. It is probable that the 
decrease in the protein abundance of Ut-a2c reduces the efflux of urea from the 
branchial epithelial cells to the external environment during the induction phase. 
These results indirectly suggest that Ut-a2b and Ut-a2c would have a different 
subcellular localization and/or be expressed in different cell types in the gills of P. 
annectens, the confirmation of which awaits future immunohistochemical studies. 
The urea being accumulated in the body of the aestivating lungfish may act as an 
internal signal during the induction phase of aestivation (see Ip and Chew, 2010a 
and Chew et al., 2015 for reviews). Ip et al. (2005a) undertook a series of 
experiments to determine whether NH4Cl injected intra-peritoneally into P. dolloi 
would be excreted directly or detoxified to urea, and to examine whether injected 
urea would be retained in this lungfish, resulting to decreases in brain tryptophan 
and liver arginine levels as observed during aestivation. Despite being ureogenic, P. 
dolloi rapidly excreted the excess ammonia within the subsequent 12 hours after 
NH4Cl was injected intra-peritoneally into P. dolloi (Ip et al., 2005a). By contrast, 
when urea was injected intra-peritoneally into P. dolloi, only a small percentage 
(34%) of it was excreted during the subsequent 24 hours (Ip et al., 2005a). At hour 
24, significant quantities of urea were retained in various tissues of P. dolloi. 
Injection with urea led to an apparent reduction in endogenous ammonia production, 
a significant decrease in the hepatic arginine content, and a significantly lower level 
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of brain tryptophan in P. dolloi (Ip et al., 2005a). All these three phenomena have 
been observed in aestivating P. dolloi (Chew et al. 2004). Therefore, urea synthesis 
and accumulation could be one of the important internal signals for initiating and 
perpetuating aestivation in African lungfishes, and urea might have a physiological 
role other than just an accumulating nitrogenous end-product. 
4.2.6.2. The maintenance phase 
4.2.6.2.1. Decreases in the protein abundance of Aqp1aa and Aqp3a to reduce 
evaporative water loss 
During the maintenance phase of aestivation, the surface area of the gill epithelium 
of P. annectens is reduced and the gills are covered with a thick layer of mucus, 
which can presumably reduce evaporative water loss (Sturla et al., 2001). Results 
from this study indicated for the first time that there were significant decreases in the 
mRNA expression levels and protein abundance of aqp1aa/Aqp1aa and 
aqp3a/Aqp3a in the gills of P. annectens during the maintenance phase of 
aestivation, which could obviously reduce transepithelial water transport. It would 
appear that, besides formation a mucus cocoon, the aestivating lungfish adopt 
additional strategy to reduce evaporative water loss during the maintenance phase of 
aestivation.  
The cocoon is an effective barrier to evaporative water loss and the addition 
of skin layers to the cocoon reduces water loss for the aestivating frogs 
Lepidobatrachus llanensis (McClanahan et al., 1976), Neobatrachus spp. and 
Cyclorana spp. (Withers, 1998a). Evaporative water loss of cocooned frogs is 
reduced to 6.5‒32% of non-cocooned rates for Neobatrachus spp. and 0.8‒38% for 
Cyclorana spp. (Withers, 1998a). Cartledge et al. (2008) examined the combined 
effects of long‐term estivation and water loss in the cocoon‐forming species 
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Cyclorana platycephala by assessing the hydration state of the frogs throughout a 
15‐month aestivation period. The mass of the frogs was reduced to a maximum of 
36% ± 6.5% of their initial standard mass after 15 months of aestivation (Cartledge 
et al., 2008). The plasma osmolality reached maximal levels by the ninth month of 
aestivation at 487 mOsm kg−1 and then remained stable to the fifteenth month of 
aestivation (Cartledge et al., 2008). The urine osmolality continued to increase to the 
fifteenth month of aestivation, at which point plasma and urine concentrations were 
isosmotic (Cartledge et al., 2008). Therefore, the relatively slow rate of increase in 
plasma osmolality with mass loss and the progressive increase in urine osmolality 
suggests the use of bladder water to counter losses from circulation (Cartledge et al., 
2008). However, unlike aestivating frogs, African lungfishes do not enter aestivation 
with large water-filled bladders from which they can replenish body fluids from 
evaporative water loss. Furthermore, it has been previously suggested that increased 
urea contents might serve the secondary function of facilitating water retention in 
tissues through vapour pressure depression (Withers, 1998a, Storey, 2002). However, 
Machin (1975) established that urea concentration of 300 mmol l-1 has only minor 
contribution to the gradient for water movement between tissues and dry air. Taken 
together, having a mucus cocoon and urea accumulation may not be sufficient and 
there is a need for the aestivating lungfish to decrease the protein abundance of 
Aqp1aa and Aqp3a to further reduce evaporative water loss in the gills during the 
maintenance phase of aestivation.  
It has been demonstrated in several fish species that the down-regulation of 
aqp/Aqp in the gills can reduce large transepithelial efflux of water due to the 
outwardly-directing osmotic gradient when the fish is exposed to high salinity (see 
section 1.3 for more details). Therefore, the down-regulation of aqp1aa/Aqp1aa and 
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aqp3a/Aqp3a expression could reduce transepithelial efflux of water, thereby 
preventing evaporative water loss in the gills of P. annectens during the 
maintenance phase of aestivation. 
4.2.6.2.2. Changes in Rhgp expression and the impediment of ammonia 
excretion 
During the maintenance phase of aestivation, ammonia excretion is impeded in the 
gills and African lungfishes rely on decreased ammonia production instead of 
increased detoxification of ammonia (Chew et al., 2004; Ip et al., 2005a; Loong et 
al., 2005; see Ip and Chew, 2010a and Chew et al., 2015 for reviews). Results from 
this study indicate that there were decreases in the mRNA expression levels and 
protein abundance of rhgp/Rhgp, indicating decreases in ammonia excretion in the 
gills of P. annectens during the maintenance phase.  
Since Rhag could be expressed in the erythrocytes, and since the ammonia 
concentration in the liver decreased significantly after 46 days of aestivation in air 
(Loong et al., 2008a), the decrease in the protein abundance of Rhag could indicate 
that the erythrocytes carry less ammonia that are released from the liver (and other 
organs), and/or there could be a decrease in the release of ammonia from the 
erythrocytes to the plasma of P. annectens during the maintenance phase. 
Additionally, if indeed Rhag is localized in the pillar cells of P. annectens (see 
section 4.2.6.1.2 for a more detailed discussion), the decrease in the protein 
abundance of Rhag could reduce ammonia transport in the gills of P. annectens 
during the maintenance phase.  
Based on models of Rhgp in many fishes (Weihrauch et al., 2009; Wright 
and Wood, 2009, 2012), Rhbg and Rhcg of P. annectens are probably localized at 
the basolateral and apical membrane of branchial epithelial cells, respectively. 
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Nakhoul and Hamm (2014) proposed that Rhbg and Rhcg were likely to work in 
tandem and function as NH3 channel and/or NH4
+-specific transporter, achieving 
transepithelial NH3/NH4
+ transport. Therefore, the decrease in the protein abundance 
of Rhbg and Rhcg in the gills of P. annectens would indicate a decrease in the 
transmembrane movement of ammonia from the plasma into the branchial epithelial 
cells by Rhbg and a decrease in the transmembrane movement of ammonia from the 
branchial epithelial cells to the external medium by Rhcg during the maintenance 
phase.  
Sturla et al. (2001) observed that the interlamellar space of the gills of P. 
annectens was abolished during the maintenance phase, thus preventing any flow of 
water or air. Therefore, the decreases in the transcriptional and translational 
activities of aqp/Aqp (section 5.6.2.1) and rhgp/Rhgp in the gills of P. annectens 
could be a strategy to reduce energy expenditure during the maintenance phase. 
4.2.6.2.3. Changes in the protein abundance of Ut-a2b and Ut-a2c and the 
impediment of urea excretion 
As the gills are covered with a thick layer of mucus (Sturla et al., 2001), urea 
excretion will be impeded in the gills during the maintenance phase of aestivation. 
Hence, it is only logical that the up-regulation of Ut-a2b protein abundance in the 
gills of P. annectens would facilitate urea retention during the maintenance phase. 
By contrast, the decrease in the protein abundance of Ut-a2c could indicate a 
reduction in the efflux of urea from the branchial epithelial cells to the external 
environment during the maintenance phase. Therefore, the results suggest that Ut-
a2b and Ut-a2c in the gills could work in concert in retaining urea, corroborating 
with previous reports on urea accumulation during the maintenance phase (Janssens 
and Cohen, 1968a; Ip and Chew, 2010a, Chew et al., 2015). However, it would be 
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essential to elucidate the subcellular localization of Ut-a2b and Ut-a2c in the gills of 
P. annectens in the future. 
Since urea, at high concentrations, can denature proteins and disrupt enzyme 
activity (Hochachka and Somero, 1984), why do African lungfishes accumulate urea 
during the maintenance phase? It has been suggested that accumulated urea 
contributes to metabolic depression in dormant animals (Griffith, 1991) by 
reversibly inhibiting key metabolic enzymes (Hand and Somero, 1982, Yancey et al., 
1982). Indeed, studies (Costanzo and Lee, 2005, Muir et al., 2007) on hibernating 
wood frogs, Rana sylvatica, suggest a connection between urea accumulation and 
metabolic depression. Muir et al. (2008) measured aerobic metabolism of isolated 
organs from R. sylvatica in the presence or absence of elevated urea at various 
temperatures using frogs acclimatized to different seasons., The metabolism 
decreased significantly by ~15% in urea-treated liver and stomach and by ~50% in 
urea-treated skeletal muscle, when the organs from R. sylvatica were tested at 10°C 
(Muir et al., 2008). Therefore, Muir et al. (2008) concluded that the presence of urea 
could depress the metabolism of living organs, thereby reducing energy expenditure. 
However, there is no information on the possible role of urea in metabolic rate 
reduction in aestivating African lungfishes at present. Increased tissue urea contents 
have been previously proposed to serve the secondary function of facilitating water 
retention in tissues through vapour pressure depression (Withers, 1998a, Storey, 
2002), but Machin (1975) established that urea concentration of 300 mmol l-1 had 
little contribution to the gradient for water movement between tissues and dry air. 
Loong et al. (2008b) experimented on two groups of P. annectens that underwent 
aestivation in closed boxes with similar flow rates of air (normoxia) or 2% O2 in N2 
(hypoxia), and therefore experienced similar magnitudes of desiccation, but fish 
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aestivating in hypoxia suppressed ammonia production and accumulated much less 
urea. Hence, increased urea synthesis in P. annectens is an adaptation responding 
primarily to rates of protein degradation and amino acid catabolism instead of 
desiccation (Loong et al., 2008b). At present, it is still unclear why urea is 
accumulated during the maintenance phase of aestivation. However, it is possible 
that the urea accumulated during the maintenance phase may function as a putative 
internal cue for aestivation (Ip et al., 2005a). 
4.2.6.3. The arousal phase 
4.2.6.3.1. Increased urea excretion could be facilitated by Ut-a2a and Ut-a2b 
Upon arousal in water, African lungfishes can efficiently excrete the excess urea 
accumulated in the body during the maintenance phase of aestivation (Smith, 1930, 
Janssens, 1964). Working on P. dolloi exposed to terrestrial conditions for 6 days, 
Chew et al. (2003) reported that the urea excretion rate increased 22-fold during re-
immersion as compared to the control fish. This is the greatest increase in urea 
excretion reported for fishes during emersion-immersion transition, and suggests 
that P. dolloi possesses transporters which facilitate the excretion of urea after 
arousal from aestivation. Indeed, there were significant increases in the protein 
abundance of Ut-a2a and Ut-a2b in the gills of P. annectens on day 1 of arousal, 
which corresponds with the peak of urea-N excretion in P. annectens at 12-30 hours 
upon re-immersion in water after 33 days of air exposure (Hung et al., 2009). While 
the skin of P. annectens is believed to be an important site for urea-N excretion 
(Wood et al., 2005a), the results indicated that Ut-a2a and Ut-a2b in the gills of P. 
annectens could also contribute to urea excretion during the arousal phase.  
While most fishes are ammonotelic, many produce a small amount of urea 
during their lifetime, explaining the existence of Ut in the gills to facilitate urea 
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excretion (McDonald et al., 2006; Weihrauch et al., 2009). When characterized on 
the basis of the handling of urea, acetamide and thiourea, the gills of Oncorhynchus 
mykiss and Porichthys notatus shows a similar handling pattern as Ut of Opsanus 
beta and Alcolapia grahami (McDonald, et al., 2002; McDonald and Wood, 2003). 
Specifically, the permeability of the gills to urea is greater than that of acetamide 
and both substances are more permeable than thiourea (McDonald, et al., 2002; 
McDonald and Wood, 2003), highlighting that this pattern of urea, acetamide and 
thiourea handling is characteristic for Ut in fishes. In both O. mykiss and P. notatus, 
urea transport is bidirectional and there is no evidence of saturation of the 
mechanism during exogenous urea loading in vivo (McDonald, et al., 2002; 
McDonald and Wood, 2003). Furthermore, Bucking et al. (2013) has recently 
confirmed the expression of ut/Ut in the gills of toadfish that is responsible for the 
unique “pulsing” nature of urea excretion. Therefore, the importance of branchial Ut 
in contributing urea excretion during the arousal phase cannot be ignored.  
4.2.7. Molecular changes occurring in the skin of P. annectens during the three 
phases of aestivation 
4.2.7.1. The induction phase 
4.2.7.1.1. Mucus secretion and cocoon formation could be facilitated by Aqp1aa 
Unlike the gills, only the protein abundance of Aqp1aa was maintained at control 
levels in the skin of P. annectens during the induction phase of aestivation. This 
suggests that only Aqp1aa could be involved in water transport that directly 
contributes to mucus secretion and cocoon formation in the skin during the induction 
phase of aestivation. As mentioned in section 5.6.1.1., the formation of the mucus 
cocoon is an important step of the aestivation process. While all fish skins produce 
some sort of mucus, the skin of African lungfishes is the main organ that can  
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Table 17. Summary table on the changes in protein abundances of Aqp, Rhgp 
and Ut isoforms in the skin of P. annectens during the three phases of 
aestivation. Decreases in expression are denoted with ‘↓’, while increases in 
expression are denoted with ‘↑’. No significant changes in expression are denoted 
with ‘=’.  
 
Protein Aestivation 
Induction Maintenance Arousal 
Aqp1aa = ↑ ↑/= 
Aqp3a ↓ ↓ ↓ 
Rhag = = =/↑ 
Rhbg ↑ ↑ = 
Rhcg = = ↑/↓ 
Ut-a2a = ↓ ↑/= 
Ut-a2b = ↓ ↑/= 




produce mucus that forms a protective cocoon during aestivation (Chew et al., 2015). 
The skin epithelium is composed of columnar cells interspersed by numerous 
mucous cells, which presumably produce large amounts of mucus for cocoon 
formation (Smith and Coates, 1937; Sturla et al., 2001). At the beginning of 
aestivation, the skin of P. annectens transforms from a sponge-like appearance with 
elevated microplicae and microridges to a relatively smooth and flattened surface 
covered by mucus (Sturla et al., 2001). While the composition of mucus of P. 
annectens is unclear at present, there are indications that it comprises of nitrogenous 
compounds (Bayomy et al., 2002). It is apparent that the skins of African lungfishes 
can up-regulate the production of the mucus materials drastically and continuously 
during the induction phase in the absence of food and water supply (Y. K. Ip and S. 
F. Chew, unpublished observation), and together with the supply of water facilitated 
by Aqp1aa in the skin, a mucus cocoon that completely encases the body will be 
formed by 6-8 days of aestivation (Chew et al., 2015).  
The mRNA expression level of aqp1aa in the skin was more than those in 
the gills, thus reflecting on the important role of Aqp1aa in facilitating water 
transport in the skin of P. annectens. It has been demonstrated that Aqp1 is localized 
at the endothelial cells of subepidermal capillaries in Rana esculenta (Abrami et al., 
1997), Hyla japonica (Tanii et al., 2002), Bufo bufo (Willumsen et al., 2007) and 
Hyla chrysocelis (Pandey et al., 2010) and the presence of Aqp1 in the subepidermal 
capillaries provides a high conductance pathway for water transport across the 
epidermis (Willunsen et al., 2007). Therefore, it is possible for Aqp1aa to facilitate 
water transport through the endothelial cells of subepidermal capillaries. 
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4.2.7.1.2. Decreased water and glycerol transport and a decrease in the protein 
abundance of Aqp3a 
While both AQP1 and AQP3 can facilitate water transport, AQP3 can also transport 
glycerol. Therefore, the decrease in the protein abundance of Aqp3a could also 
imply that there are decreases in glycerol transport in the skin of P. annectens during 
the induction phase. Mice with AQP3 deficiency have dry skin with reduced stratum 
corneum hydration, decreased elasticity, impaired wound healing and epidermal 
biosynthesis compared with wild-type mice (see Hara-Chikuma and Verkman, 2006, 
2008 for reviews). In AQP3 deficient mice, the glycerol content of stratum corneum 
and epidermis is reduced and the dry and inelastic skin can be attributed to the 
humectant properties of glycerol (Hara-Chikuma and Verkman, 2005). Furthermore, 
dry skin in AQP3 deficient mice can be cured by glycerol administration, indicating 
that AQP3 serves as a major glycerol facilitator in the epidermis by supplying 
glycerol to epidermal cells aside from water (Wakayama et al., 2002; Hara-Chikuma 
and Verkman, 2005). Indeed, during aestivation, the epidermis of the skin of P. 
annectens is thin and composed of layers of flattened cells, and there is reduction in 
the mucous cells (Sturla et al., 2002). It is possible that the skin morphology 
observed during aestivation could be attributed to decreased glycerol transport by 
Aqp3a to the skin of P. annectens. 
4.2.7.1.3. Ammonia excretion and the protein abundance of Rhbg and Rhcg 
At present, no information is available on the changes of NH3 permeability in the 
skin of P. annectens during the transition from the induction phase to the 
maintenance phase (when the body is fully encased in a dried mucus cocoon). 
However, Loong et al. (2007) reported that P. aethiopicus was capable of decreasing 
the NH3 permeability of its body surface in response to ammonia exposure. The 
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results obtained by Loong et al. (2007) could indirectly imply that the NH3 
permeability of the skin can be altered during the three phase of aestivation. Indeed, 
there was a significant increase in the protein abundance of Rhbg in the skin of P. 
annectens, suggesting a possible increase in ammonia transport in the skin during 
the induction phase. During the first 6 days of aestivation, the bottom of the tank 
was wet; an incomplete cocoon was formed only along the dorsal-lateral cutaneous 
surface, with the ventral surface in direct contact with water. Therefore, there could 
still be ammonia excretion at the ventral skin of P. annectens during the induction 
phase.  
Based on the model of Rhgp in the skin of mangrove killifish (Weihrauch et 
al., 2009), Rhbg and Rhcg of P. annectens are probably localized at the basolateral 
and apical membrane of cutaneous cells, respectively. Furthermore, Rhbg and Rhcg 
are likely to work in tandem and function as NH3 channel and/or NH4
+-specific 
transporter, achieving transepithelial ammonia transport (Nakhoul and Hamm, 2014). 
However, the increase in the protein abundance of Rhbg was not accompanied with 
the increase in the protein abundance of Rhcg in the skin of P. annectens during the 
induction phase. It would appear the protein abundance of Rhcg is high enough to 
facilitate transmembrane movement of ammonia from the cutaneous epithelial cells 
to the external medium. Therefore, it is possible that the increase in the protein 
abundance of Rhbg and the maintenance of the protein abundance of Rhcg at control 
levels could facilitate ammonia excretion across the ventral skin of P. annectens 
during the induction phase. 
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4.2.7.1.4. Retaining urea as an internal signal and changes in the protein 
abundance of Ut-a2c 
During the induction phase, the protein abundances of Ut-a2a and Ut-a2b in the skin 
were comparable to those of control fish, but the protein abundance of Ut-a2c was 
down-regulated in the skin of P. annectens. Although the ventral skin is in direct 
contact with a layer of water during the first 6 days of aestivation, it is unlikely for 
the aestivating lungfish to excrete urea. Furthermore, the rates of urea synthesis and 
accumulation could be the greatest during the induction phase when the rate of 
ammonia production has yet to be profoundly suppressed (Chew et al., 2015). 
Therefore, it is probable that the decrease in the protein abundance of Ut-a2c 
reduces the efflux of urea from the cutaneous epithelial cells to the external 
environment during the induction phase which could retain urea as an internal signal 
during the induction phase.  
4.2.7.2. The maintenance phase 
4.2.7.2.1. The secretion of a liquid between the skin and cocoon could be 
facilitated by Aqp1aa, but not Aqp3a 
Sturla et al. (2001) reported the presence of one type of mitochondrion-rich cells, 
which resembled the α-chloride cells, in the skin of P. annectens, indicating that the 
skin was metabolically active and could be involved in iono- and osmo-regulation in 
water. During the maintenance phase, the lungfish is fully encased in a mucus 
cocoon, which presumably protects it from evaporative water loss (Chew et al., 
2015). However, once the cocoon is formed, the aestivating lungfish has to rely on 
stored water to maintain hydration and water loss/gain is limited by the cocoon. The 
dried cocoon material is impermeable to water, but there is a thin layer of liquid 
between the skin and the cocoon to keep the skin moist (Y.K.I. and S.F.C., 
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unpublished observation). At present, the origin and composition of this liquid is 
still unclear. If indeed Aqp1aa could be localized at the endothelial cells of 
subepidermal capillaries and could facilitate water transport across the epidermis 
(see section 4.2.7.1.1. for a more detailed discussion), it is possible that the increase 
in the protein abundance of Aqp1aa could contribute to the liquid secreted after 
cocoon formation to maintain the hydration of the skin.  
By contrast, there was a significant decrease in the protein abundance of 
Aqp3a, suggesting that Aqp3a does not contribute to the secretion of the liquid 
between the cocoon and the skin. In frogs, Aqp3 is constitutively located in the 
basolateral membrane of the tight-junctioned epithelial cells, allowing water 
transport between the cytoplasm of these cells and the neighbouring tissue fluid 
(Suzuki and Tanaka, 2010). Aqp-h3BL (equivalent to Aqp3) of Hyla japonica 
supplies water to rehydrate the epidermis suffering evaporative water loss (Akabane 
et al., 2007), like mammalian AQP3 that also resides along the basolateral plasma 
membrane of keratinocytes in the epidermis (Matsuzaki et al., 1999; Sougrat et al., 
2002). Furthermore, Aqp3/AQP3 plays a crucial role in the transport of glycerol into 
the epidermis, thereby maintaining the healthy condition of the epidermis (Boury-
Jamot et al., 2009). Therefore, the decrease in Aqp3a protein abundance could imply 
decreases in the transport of water and glycerol in the skin of P. annectens during 
the maintenance phase. It would appear that the aestivating lungfish relies on only 
Aqp1aa on water transport during the maintenance phase so as to reduce energy 
expenditure. 
4.2.7.2.2. The possible function of Rhbg in CO2 transport 
While there is a thin layer of liquid between the skin and the cocoon to keep the skin 
moist during the maintenance phase, the minute volume involved suggested that 
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continuous excretion of ammonia is not sustainable during the maintenance phase. 
Furthermore, as the aestivating lungfish is completely encased in a mucus cocoon, it 
is impossible for it to volatilize ammonia from the skin surface like Misgurnus 
anguillicaudatus (Tsui et al., 2002) and Kryptolebias marmoratus (Frick and Wright, 
2002a, 200b; Cooper et al., 2013). Besides being an ammonia channel, Rhbg may 
have other functions, such as CO2 transport. Xenopus occytes expressing human 
RhBG exhibits significant CO2 permeability (Geyer et al., 2013). Perry et al. (2010b) 
reported that the excretion of ammonia and CO2 were inhibited in the larval D. rerio 
after translational knockdowns of Rhbg and Rhcg expression. A simultaneous 
reduction in ammonia excretion is detected in the adult D. rerio after a treatment 
that results in the sudden washout of CO2 (Perry et al., 2010b). Although Perry et al. 
(2005b) reported that the lung is the predominant route of CO2 transfer in P. dolloi, 
the lung is the main organ for O2 uptake and the gills and/or skin are the dominant 
organ(s) for CO2 excretion in lungfishes in general (Johansen and Lenfant, 1967; 
Lenfant and Johansen, 1967, 1968; McMahon, 1970; Burggren and Johansen, 1986; 
Ultsch, 1996). Despite the relatively small diffusing capacity of the skin, the skin 
could account for a large proportion of CO2 excretion in L paradoxa (de Moraes et 
al., 2005). Therefore, it is possible that increased Rhbg protein abundance could 
facilitate CO2 transport in the skin of P. annectens during the maintenance phase of 
aestivation on land. 
4.2.7.2.3. The impediment of urea excretion and decreases in the protein 
abundance of Ut isoforms 
Unlike the gills, there were significant decreases in the protein abundance of Ut-a2a, 
Ut-a2b and Ut-a2c in the skin of P. annectens during the maintenance phase. This 
could reduce the efflux of urea across the skin and result in urea accumulation 
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during the maintenance phase of aestivation (see section 4.2.7.1.4. for a more 
detailed discussion). Furthermore, it would appear that the skin adopt a different 
mechanism to reduce the efflux of urea as compared with the gills during the 
maintenance phase. 
4.2.7.3. The arousal phase 
4.2.7.3.1. Rehydration upon arousal could be facilitated by Aqp1aa, but not 
Aqp3a 
During the arousal phase of aestivation, it is essential for the lungfish to absorb 
water from the environment for rehydration. Indeed, the protein abundance of 
Aqp1aa increased significantly in the skin of P. annectens after 1 day of arousal 
from 6 months of aestivation. This could result in increased water uptake in the skin 
of P. annectens which aid rehydration during the arousal phase.  
Cutaneously absorbed water in frogs has two potential routes of movement 
from the skin into the body fluids, via the cutaneous capillaries and/or the lymphatic 
system. Word and Hillman (2005) demonstrated that rehydrating Bufo marinus 
gained weight after the lymphatic fluid was removed and the lymphatic fluid was 
not osmotically diluted as would be expected if absorbed water accumulated in the 
lymph sacs as proposed by Wentzell et al. (1993). These results provide strong 
evidence that absorbed water does not directly enter the lymphatic system and is not 
stored in the skin (Word and Hillman, 2005). Furthermore, physiological studies 
indicated that high rates of water uptake across the pelvic patch were maintained 
with a functional circulation (Parsons et al., 1993). Therefore, Word and Hillman 
(2005) concluded that osmotically absorbed water must enter via a transcapillary 
route in the pelvic patch of B. marinus. As mentioned in section 5.7.1.1., Aqp1 is 
localized at the endothelial cells of subepidermal capillaries in frogs and could 
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facilitate water transport across the epidermis. Therefore, it can be inferred that 
rehydration upon arousal involves absorbed water entering through Aqp1aa on the 
cutaneous capillaries into the body fluids of P. annectens. 
By contrast, the protein abundance of Aqp3a in the skin of P. annectens 
remained significantly lower than control fish during the arousal phase. Phenotypic 
studies in transgenic mice lacking AQP3 confirmed the physiological importance of 
AQP3 in skin hydration (see Boury-Jamot et al., 2009 for a review). However, it 
appears that Aqp3a does not involve in rehydration during the early arousal phase of 
aestivation. This could also imply that it would take longer than 3 days for the 
lungfish to fully recover from the changes that took place during aestivation. In fact, 
Icardo et al. (2012) reported that after arousal from 6 months of aestivation, cell 
phenotypes in the digestive tract of P. annectens were restored in about 6 days, but 
full structural recovery is not attained during the experimental period (15 days post-
aestivation). 
4.2.7.3.2. Changes in ammonia production and excretion and the protein 
abundance of Rhgp isoforms 
At present, there is no information on ammonia excretion during the arousal phase, 
as majority of reports in the literature on the arousal phase focuses predominantly on 
the excretion of accumulated urea. Results from this study suggested that ammonia 
excretion could occur through the skin of P. annectens during the arousal phase of 
aestivation. On day 1 of arousal, there was a significant increase in the protein 
abundance of Rhcg in the skin of P. annectens. Since Rhcg is proposed to be an 
apical ammonia transporter in the cutaneous epithelial cells of P. annectens, the 
increase in Rhcg protein abundance could result in an increase in the transmembrane 
movement of ammonia from the cutaneous epithelial cells to the external medium on 
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day 1 of arousal. As the increase in Rhcg protein abundance was not accompanied 
with the increase of Rhbg protein abundance, it would appear that the increase in 
Rhcg protein abundance may be sufficient to facilitate ammonia excretion on day 1 
of arousal.  
By contrast, there was a significant decrease in the protein abundance of 
Rhcg in the skin of P. annectens on day 3 of arousal, indicating that there could be a 
decrease in the transmembrane movement of ammonia from the cutaneous epithelial 
cells to the external medium. The increase in the protein abundance of Rhag in the 
skin of P. annectens on day 3 of arousal could indicate that the erythrocytes carry 
more ammonia that are released from the liver (and other organs), and/or there could 
be an increase in the release of ammonia from the erythrocytes to the plasma of P. 
annectens upon arousal. There could be an overall increase in ammonia/nitrogen 
metabolism on day 3 of arousal, but the ammonia/nitrogen was retained in the body 
for tissue repair and regeneration. Working on P. dolloi, Icardo et al. (2008) reported 
that the heart had high capacity for functional recovery upon arousal from 
aestivation. They proposed that an osmotic imbalance resulted by the drastic 
reduction in the amounts of urea accumulated in the body tissues occurred during 
the arousal phase (Wood et al. 2005a) could eventually lead to the rupturing of the 
membranes and the massive accumulation of the vacuolized cytoplasm components 
in the septal myocytes of the heart. These areas subsequently attract the 
macrophages involved in debris clearance, and such a process may facilitate tissue 
regeneration. Since tissue regeneration involves structural changes that require 
increased syntheses of certain proteins, and since tissue regeneration occurs before 
re-feeding, there could be increases in the metabolism of amino acids of endogenous 
origin, which could result in increased ammonia production during the arousal phase.  
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4.2.7.3.3. The skin could play a more important role in rehydration and/or 
ammonia excretion than the gills 
While the protein abundance of Aqp1aa and Rhgp returned back to control values in 
the gills during the arousal phase of aestivation, there were significant increases in 
the protein abundance of Aqp1aa, Rhag and Rhcg in the skin during the arousal 
phase of aestivation. It implies that the skin could play a more important role in 
rehydration and ammonia excretion than the gills during the arousal phase, 
corroborating with previous reports on the important role of the skin as a transport 
epithelium in fish (see Glover et al., 2013 for a review). Studying P. dolloi during 
prolonged (5 months) exposure to air, Wilkie et al. (2007) reported that the body 
surface has relatively low permeability to water and ions but the ventral skin was an 
important site for osmoregulation and ionoregulation. As the lungfish used in their 
experiment did not really undergo aestivation, their results actually offered insights 
into what would happen during the arousal phase (Chew et al., 2015). Furthermore, 
results of Wilkie et al. (2007) indirectly support the proposition of Riddle (1983) 
that urea accumulated during the maintenance phase could facilitate water uptake 
from the environment upon re-hydration during arousal. During arousal, it is 
essential for the fish to gain water from, instead of losing it to, the environment. 
Therefore, it can be deduced from results reported by Wilkie et al. (2007) that water 
absorption can occur through the ventral skin of African lungfish when water 
becomes available during arousal, reflecting the importance of the skin in 
rehydration upon arousal. Additonally, the mangrove killifish can adopt different 
strategies for cutaneous ammonia excretion during freshwater or brackish water 
acclimation and upon aerial exposure (Cooper et al., 2013), alluding the importance 
of the skin for ammonia excretion. In contrast to the skin, the gills of P. annectens 
 236 
 
are still covered with cocoon material several days after arousal from aestivation (J. 
M. Icardo, personal communication), which might render them ineffective in 
rehydration and/or ammonia excretion. Therefore, the skin could play a more 
important role in rehydration and/or ammonia excretion than the gills upon arousal. 
4.2.7.3.4. Increased urea excretion and changes in the protein abundance of Ut 
isoforms 
Wood et al. (2005a) reported that after 21-30 days of aestivation in air or exposed to 
air without aestivation, the urea excretion rate increased dramatically, reaching 
2000-6000 µmol-N hr-1 kg-1 at 10-24 hr, in P. dolloi during re-immersion. The skin 
appeared to be an important site of urea-N excretion, because 72% of the urea-N 
efflux occurred through the posterior 85% of the body with minimal involvement of 
the kidney. Indeed, there were significant increases in the mRNA expression levels 
and protein abundance of ut-a2a/Ut-a2a and ut-a2b/Ut-a2b in the skin of P. 
annectens on day 1 of arousal. Furthermore, the results are in agreement with the 
increase in mRNA expression of lf-ut (ut-a2a in this study) in the skin of P. 
annectens and correspond to the massive rise in urea-N excretion in P. annectens at 
12–30 hours upon re-immersion in water after 33 days of air exposure (Hung et al., 
2009). Taken altogether, it can be concluded that Ut-a2a and Ut-a2b contributed to 
the increase in urea excretion in the skin of P. annectens during the arousal phase of 
aestivation. By contrast, the decrease in the protein abundance of Ut-a2c indirectly 
supports the author’s proposition that Ut-a2c respond specifically to environmental 




4.2.8. Molecular changes occurring in the liver of P. annectens during the three 
phases of aestivation 
4.2.8.1. The induction phase 
4.2.8.1.1. Increased mitochondrial uptake of ammonia by Aqp8aa and 
relationship with increased urea synthesis 
While AQP8 can cause an increase in canalicular water transport during hepatocyte 
bile formation (Garcı́a et al. 2001; Huebert et al. 2002; Gradilone et al. 2003, 2005; 
Tietz et al. 2005), AQP8 does not appear to have major relevance to the facilitated 
transport of water across the mitochondrial membranes (Calamita et al., 2006; Gena 
et al., 2009). Recent evidences indicated that AQP8 facilitates mitochondria uptake 
of ammonia (Jahn et al., 2004; Saparov et al., 2007; Soria et al., 2010, 2013) and 
AQP8 protein expression is significantly up-regulated under glucagon-induced urea 
synthesis in the rat liver (Soria et al., 2013). In P. annectens, the mRNA expression 
of aqp8aa was the highest in the liver, indicating the importance of Aqp8aa in 
ammonia transport in the liver of P. annectens. Furthermore, the increase in the 
protein abundance of Aqp8aa in the liver of P. annectens during the induction phase 
could result in increased mitochondria uptake of ammonia, contributing to increased 
urea synthesis. Indeed, Loong et al. (2005) reported that the rates of urea synthesis 
increased by 1.5-fold in P. annectens exposed to air for 6 days. Furthermore, there 
were significant increases in the mRNA expression levels of cps III (Loong et al., 
2012a), ass and asl (Chng et al., 2014) to support increased urea synthesis in the 
liver of P. annectens during the induction phase. Taken together, the aestivating 
lungfish could up-regulate the protein abundance of Aqp8aa to facilitate the 
mitochondrial uptake of ammonia to detoxify ammonia via urea synthesis in the 
liver during the induction phase. 
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Table 18. Summary table on the changes in protein abundances of Aqp, Rhgp 
and Ut isoforms in the liver of P. annectens during the three phases of 
aestivation. Decreases in expression are denoted with ‘↓’, while increases in 
expression are denoted with ‘↑’. No significant changes in expression are denoted 
with ‘=’.  
 
Protein Ammonia exposure 
Induction Maintenance Arousal 
Aqp8aa ↑ ↓ = 
Rhbg ↓ = = 
Ut-a2a ↑ ↑ ↑/= 
Ut-a2b ↓ = ↑ 




4.2.8.1.2. The involvement of Rhgp in retaining ammonia for urea synthesis 
The mRNA expression of rhag and rhbg were detected in the liver of P. annectens. 
Interestingly, the mRNA expression of rhcg was not detected in the liver of P. 
annectens. In mouse liver, the mRNA expression of Rhcg is approximately 0.4% of 
the mRNA expression of Rhbg (Weiner et al., 2003). Therefore, it is not surprising 
that the mRNA expression level of rhcg was not detected in the liver of P. annectens. 
As ammonia exit from hepatocytes involves only the plasma membrane, there is no 
necessity for Rhbg and Rhcg to work in tandem as in the case of transepithelial 
ammonia transport (Nakhoul and Hamm, 2014). 
During the induction phase, there were significant down-regulation in the 
mRNA expression level and protein abundance of rhbg/Rhbg in the liver of P. 
annectens. The result suggests that there could be decreases in ammonia transport in 
the liver, which is in contrary to the results of Aqp8aa (section 5.8.1.1.). Two 
distinct metabolic pathways for NH4
+ exist in the liver (Haussinger et al., 1985, 1992; 
Haussinger 1983). Periportal and midzonal hepatocytes mediate conversion of NH4
+ 
to urea in a bicarbonate-consuming, high-capacity, low-affinity pathway 
(Haussinger et al., 1985, 1992), which has a pathway of K0.5 for NH4
+ of ∼3600 
μmol/L (Kaiser et al., 1988). By contrast, perivenous hepatocytes express a high-
affinity, low-capacity metabolic pathway that converts NH4
+ to glutamine. The K0.5 
for this system is ∼110 μmol/L (Kaiser et al., 1988), making it a likely candidate for 
NH4
+ scavenging and therefore prevention of hyperammonemia (Weiner et al., 
2003). In mouse liver, RhBG is expressed in the basolateral membrane of 
perivenous hepatocytes but not in periportal or midzonal hepatocytes (Weiner et al., 
2003). Furthermore, RhBG is colocalised with with glutamine synthetase, an 
essential enzyme in the perivenous hepatocyte metabolism of NH4
+ (Weiner et al., 
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2003). If indeed Rhbg is localized at the perivenous hepatocytes of P. annectens, it 
is possible that the decrease in Rhbg protein abundance could help in retaining 
ammonia in the perivenous hepatocytes of P. annectens, where ammonia could be 
converted to glutamine for urea synthesis. This would enhance the rate of urea 
synthesis so as to detoxify ammonia in the liver during the induction phase. 
4.2.8.1.3. Increased urea synthesis and transport and changes in the protein 
abundance of Ut isoforms 
Loong et al. (2008a) reported that there were significant increases in the 
concentrations of urea, but not ammonia, in various tissues of P. annectens after 12 
days of aestivation in air. During this period, the estimated rate of urea synthesis 
increased by 2.7-fold, but there was only a minor change in the estimated rate of 
ammonia production (Loong et al., 2008a). Therefore, the rate of urea synthesis was 
enhanced to detoxify ammonia, which is produced at a normal or slightly sub-
normal rate but retained in the body due to the impediment of ammonia excretion in 
P. annectens during the induction phase. Urea synthesis occurs exclusively in the 
liver of P. annectens (Loong et al., 2005), and it must be transported out of the liver 
to be excreted while in water or be distributed to other tissues during aestivation. 
Results from this study indicated that there were increases in the protein abundance 
of Ut-a2a and Ut-a2c in the liver of P. annectens, indicating that there could be 
increased urea export from the liver during the induction phase. Furthermore, urea 
could act as an important internal signal for initiating and perpetuating aestivation 
during the induction phase (see section 4.2.6.1.3 for a more detailed discussion). By 
contrast, the decrease in the protein abundance of Ut-a2b suggests that Ut-a2b may 




4.2.8.2. The maintenance phase 
4.2.8.2.1. Decreases in the mRNA expression levels of aqp3a affects water and 
glycerol transport 
During aestivation, African lungfishes undergo continuous gluconeogenesis 
(Janssens and Cohen, 1968b), which utilizes either glycerol (from triglyceride 
catabolism) or amino acids (from protein breakdown) to provide a sustained low 
production of glucose that is needed to fuel the tissues (Storey, 2002). During 
fasting, glycerol constitutes the main substrate for hepatic gluconeogenesis 
(Frühbeck, 2005; Rodríguez et al., 2006). Furthermore, glycerol has been shown to 
be an important molecule that can suppress water loss and reduce stress during 
anhydrobiosis in invertebrates (Yoder et al., 2006; Watanabe, 2006). In mammals, 
the liver is responsible for 70–90% of the whole body glycerol metabolism (Peroni 
et al., 1995; Rodríguez et al., 2006) and aquaglyceroporins play a crucial role in the 
control of glycerol influx/efflux in the liver (Méndez-Giménez et al., 2014). While 
AQP9 is believed to be the primary route for glycerol influx in the mammalian liver 
(Jelen et al., 2011; Lebeck, 2014), aqp3a/Aqp3a is the only aquaglyceroporin 
detected in the liver of P. annectens. Therefore, Aqp3a could be the only means of 
glycerol transport in the liver of P. annectens. The mRNA expression levels of 
aqp3a decreased significantly in the liver of P. annectens during the maintenance 
phase. However, the author is unable to optimize the Aqp3a antibody on the liver 
samples for western blot. If indeed there was also a decrease the protein abundance 
of Aqp3a in the liver, it could result in decreases in water and glycerol transport in 
the liver of P. annectens during the maintenance phase. 
Lipids are not a major substrate for energy metabolism in African lungfishes 
during the maintenance phase of aestivation. Although the activity of 3-hydroxyacyl 
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CoA dehydrogenase, an enzyme indicative of lipid catabolism, is ~10-fold higher in 
the liver of P. dolloi (Frick et al., 2008b) than other primitive fishes (Speers-Roesch 
et al., 2006, Frick et al., 2007), the activities of other enzymes involved in lipid 
metabolism in P. dolloi are low compared to other fish species. Notably, carnitine 
palmitoyl CoA transferase is not detectable in tissues other than liver and kidney 
(Frick et al., 2008b), where its activity is still very low (Speers-Roesch et al., 2006, 
Frick et al., 2007). Moreover, the activity of malic enzyme, an enzyme involved in 
the generation of NADPH required for fatty acid synthesis (Henderson and Tocher, 
1987), is generally low compared to other fishes, suggesting the capacity for 
lipogenesis is limited in lungfish (Frick et al., 2008b). Therefore, lipids cannot be a 
major substrate for energy metabolism in African lungfish during the maintenance 
phase, although the total plasma lipids in lungfish aestivating for 2 years decreases 
to less than half of the levels found in control fish (Babiker and El Hakeem, 1979). 
Since glycerol is an important metabolite for de novo synthesis of triacylglycerols 
and glucose as well as an energy substrate to produce ATP via the mitochondrial 
oxidative phosphorylation (Méndez-Giménez et al., 2014), the decrease in glycerol 
transport by Aqp3a in the liver of P. annectens could contribute to the decrease in 
lipid metabolism in P. annectens during the maintenance phase.  
4.2.8.2.2. Increases in the mRNA expression levels of aqp11 and relationship 
with intracellular water transport and structural modifications 
As Aqp11/AQP11 has unusual NPA motifs, they may function differently from 
other Aqp/AQP. Xenopus oocytes expressing AQP11 in the plasma membrane 
cannot transport water, glycerol, urea, or ions (Gorelick et al., 2006), but there are 
significant water permeability when AQP11 was reconstituted in liposomes (Yakata 
et al., 2007). AQP11 colocalizes with markers of the rough endoplasmic reticulum 
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(Morishita et al., 2005; Ikeda et al., 2011) and is therefore likely to have a function 
in regulating the permeability of the rough endoplasmic reticulum membrane to 
water and possibly other solutes (Ishibashi et al., 2014). In P. annectens, the mRNA 
expression of aqp11 was the highest in the liver, suggesting that aqp11 could play 
an important role in the liver. If indeed Aqp11 could facilitate water transport, the 
increase in the mRNA expression levels of aqp11 could indicate increases in 
intracellular water transport in the liver of P. annectens during the prolonged 
maintenance phase of aestivation. 
It has been established that the deletion of AQP11 in the liver results in 
disrupted rough endoplasmic reticulum homeostasis and increased sensitivity to 
rough endoplasmic reticulum homeostasis injury upon metabolic challenge with 
amino acids (Rojek et al., 2013). Furthermore, elevated expression of AQP11 may 
alleviate liver damage by endoplasmic reticulum stress (Ishibashi et al., 2014), 
which can be triggered by multiple physiological and pathological stress triggers 
(see Schönthal, 2012 for a review). Aestivation in African lungfishes is associated 
with structural and functional modifications in the heart (Icardo et al., 2008), kidney 
(Ojeda et al., 2008) and alimentary canal (Icardo et al., 2012). Since there is a down-
regulation of stress-associated endoplasmic reticulum protein 1, which protects 
unfolded target proteins against degradation during endoplasmic reticulum stress 
(Yamaguchi et al., 1999), in the liver of P. annectens during the prolonged 
maintenance phase of aestivation (Hiong et al., 2015b), the liver of P. annectens 
may experience endoplasmic reticulum stress triggered by structural modifications 
in the liver. Therefore, it is possible that the aestivating lungfish increases the 
mRNA expression level of aqp11 to alleviate liver damage from structural 
modifications during the prolonged maintenance phase of aestivation. 
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4.2.8.2.3. Changes in the protein abundance of Aqp8aa and Rhbg and 
relationship with ammonia transport 
Results from this study indicated that there was a significant decrease in the protein 
abundance of Aqp8aa in the liver of P. annectens during the prolonged maintenance 
phase of aestivation, which might result in a decrease in the mitochondrial uptake of 
ammonia for urea synthesis. Since African lungfishes undergo a profound reduction 
in ammonia production which would demand a more moderate rate of urea synthesis 
in the liver during the prolonged maintenance phase of aestivation (Ip et al., 2005a; 
Loong et al., 2008a), it eliminates the need to maintain high levels of mitochondrial 
uptake of ammonia to support urea synthesis. Therefore, it is possible that the 
aestivating P. annectens decreased the translation of Aqp8aa to reduce energy 
expenditure. By contrast, the protein abundance of Rhbg was maintained at control 
values in the liver of P. annectens during the prolonged maintenance phase of 
aestivation, probably to support ammonia transport at the perivenous hepatocytes of 
P. annectens.  
4.2.8.2.4. Changes in the protein abundance of Ut isoforms and increases in 
urea synthesis and accumulation 
During the prolonged maintenance phase of aestivation, African lungfishes undergo 
a more moderate rate of urea synthesis in the liver due to the profound reduction in 
ammonia (Ip et al., 2005a; Loong et al., 2008a), which leads to urea accumulation in 
all tissues (Janssens and Cohen, 1968a; Loong et al., 2008a). Indeed, there were 
increases in the protein abundance of Ut-a2a and Ut-a2c in the liver of P. annectens 
during the prolonged maintenance phase of aestivation, which could result in 




4.2.8.3. The arousal phase 
4.2.8.3.1. Increases in the mRNA expression levels of aqp3a and the relationship 
with water and glycerol transport 
On day 3 of arousal, the mRNA expression levels of aqp3a increased significantly in 
the liver of P. annectens, indicating possible increases in water and glycerol 
transport in the liver. Upon arousal from aestivation, the lungfish undergoes 
rehydration and tissue repair and regeneration, which necessitate the transport of 
water and metabolites in the liver. Furthermore, cell proliferation during tissue 
regeneration requires increased lipid metabolism to generate biomembranes, which 
is supported by the increases in the mRNA expression of genes involved in fatty 
acid synthesis and lipid metabolism in the liver of P. annectens after 1 day of 
arousal (Hiong et al., 2015b). Since glycerol is an important metabolite for de novo 
synthesis of triacylglycerols (Méndez-Giménez et al., 2014), it is probable that the 
lungfish increases in the mRNA expression level of aqp3a to facilitate glycerol 
transport in the liver to support fatty acid synthesis and lipid metabolism during the 
arousal phase.  
4.2.8.3.2. Increases in the mRNA expression levels of aqp11 in the liver and 
relationship with tissue repair and regeneration 
AQP11 was transiently expressed in the regenerating rat liver, suggesting that 
AQP11 may facilitate the growth of the hepatocyte (Hung et al., 2012). Although the 
mechanism on how AQP11 facilitate tissue repair and regeneration in the liver is 
unclear at present, the enhanced expression of liver AQP11 may alleviate the liver 
damage by endoplasmic reticulum stress (Hung et al., 2012; Ishibashi et al., 2014). 
As observed in the kidney, AQP11 may facilitate vesicle fusion to expand and 
lengthen the proximal tubule (Ishibashi et al., 2014). The absence of AQP11 will 
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lead to fusion failure, resulting in the accumulation of intracellular vacuoles, the 
premature development of the proximal tubule and/or the development of polycystic 
kidneys (Ishibashi et al., 2014). Since the lungfish undergo tissue repair and 
regeneration upon arousal, the increase in the mRNA expression levels of aqp11 in 
the liver of P. annectens could help to facilitate growth and repair of hepatocytes 
during the arousal phase. 
4.2.8.3.3. Increases in the protein abundance of Ut isoforms and relationship 
with urea transport 
During the arousal phase of aestivation, accumulated urea in the body can be 
efficiently excreted through the gills (section 5.6.3.1) and skin (section 5.7.3.4) of P. 
annectens. In order to facilitate urea excretion, urea has to be transported from the 
tissues/organs to the gills and/or the skin. Indeed, there were significant increases in 
the protein abundance of Ut-a2a, Ut-a2b and Ut-a2c in the liver of P. annectens 
upon arousal, suggesting that there is an increase in urea export from the liver of P. 
annectens to facilitate the excretion of accumulated urea. Could the increase in urea 
transport also signal an increase in urea synthesis during the early arousal phase? 
African lungfishes would initiate feeding only after 7-10 days of arousal from 
aestivation. Therefore, during the early arousal phase, it is unlikely that there is a 
demand for increased urea synthesis through the ornithine-urea cycle (Chew et al., 
2015). While the mRNA expression levels of ass and asl in the liver of P. annectens 
remained high (Chng et al., 2014), the mRNA expression level of cps III in the liver 
of P. annectens was comparable to those of control fish during the arousal phase 
(Loong et al., 2012a). Besides being involved in urea synthesis, arginine produced 
by ASS/ASL also acts as a substrate for NO production in the mammalian liver, 
where NO is involved in liver regeneration (Carnovale and Ronco, 2012) and 
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protection of the liver from ischemia-reperfusion injury (Abu-Amara et al., 2012). 
As a result, Chng et al. (2014) concluded that the increases in ass and asl mRNA 
expression levels during early arousal phase of aestivation could reflect increased 
demand on arginine for nitric oxide production in the liver. Therefore, the increase 
in the protein abundance of the three Ut isoforms during the arousal phase of 
aestivation is mainly to facilitate the transport of accumulated urea in the liver for 




5. CHAPTER 2 - Ammonia exposure 
5.1. Results 
5.1.1. aqp1aa/Aqp1aa 
5.1.1.1. Changes in aqp1aa mRNA expression levels in the gills of P. annectens 
upon exposure to 100 mmol l-1 NH4Cl in fresh water 
The mRNA expression level of aqp1aa in the gills of P. annectens remained 
unchanged after 1 day of exposure to 100 mmol l-1 NH4Cl, but it increased 
significantly by 2.3-fold after 3 days of exposure to 100 mmol l-1 NH4Cl as 
compared to control values (Fig. 73). Subsequently, the mRNA expression level of 
aqp1aa returned to control values in the gills of P. annectens after 6 days of 
exposure to 100 mmol l-1 NH4Cl (Fig. 73). 
5.1.1.2. Changes in aqp1aa mRNA expression levels in the skin of P. annectens 
upon exposure to 100 mmol l-1 NH4Cl in fresh water 
The mRNA expression level of aqp1aa in the skin of P. annectens after 1 day of 
exposure to 100 mmol l-1 NH4Cl was comparable to those of freshwater fish, but it 
increased significantly by 1.8-fold after 3 days of exposure to 100 mmol l-1 NH4Cl 
as compared to control values (Fig. 74). Subsequently, the mRNA expression level 
of aqp1aa returned to control values in the skin of P. annectens after 6 days of 
exposure to 100 mmol l-1 NH4Cl (Fig. 74). 
5.1.1.3. Changes in Aqp1aa protein abundance in the gills of P. annectens upon 
exposure to 100 mmol l-1 NH4Cl in fresh water 
There was a significant increase by 1.3-fold in the protein abundance of Aqp1aa in 
the gills of P. annectens after 1 day of exposure to 100 mmol l-1 NH4Cl (Fig. 75). 
The protein abundance of Aqp1aa in the gills of P. annectens returned to control 
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values after 3 days of exposure to 100 mmol l-1 NH4Cl, but it decreased significantly 
by 65% after 6 days of exposure to 100 mmol l-1 NH4Cl (Fig. 75). 
5.1.1.4. Changes in Aqp1aa protein abundance in the skin of P. annectens upon 
exposure to 100 mmol l-1 NH4Cl in fresh water 
The protein abundance of Aqp1aa remained unchanged in the skin of P. annectens 
after 1 day of exposure to 100 mmol l-1 NH4Cl, but it decreased significantly after 3 
days (by 61%) or 6 days (by 48%) of exposure to 100 mmol l-1 NH4Cl as compared 




Figure 73. mRNA expression levels of aquaporin 1aa (aqp1aa) in the gills of 
Protopterus annectens during ammonia exposure. Absolute quantification of 
mRNA (×102 copies of transcripts per ng cDNA) of aqp1aa in the gills of P. 
annectens kept in fresh water on day 0 (FW; control), or exposed to 100 mmol l-1 
NH4Cl for 1, 3 or 6 days (d). Results represent means ± S.E.M (N=4). Means not 





































































Figure 74. mRNA expression levels of aquaporin 1aa (aqp1aa) in the skin of 
Protopterus annectens during ammonia exposure. Absolute quantification of 
mRNA (×102 copies of transcripts per ng cDNA) of aqp1aa in the skin of P. 
annectens kept in fresh water on day 0 (FW; control), or exposed to 100 mmol l-1 
NH4Cl for 1, 3 or 6 days (d). Results represent means ± S.E.M (N=4). Means not 






































































Figure 75. Protein abundance of aquaporin 1aa (Aqp1aa) in the gills of 
Protopterus annectens during ammonia exposure. Protein abundance of Aqp1aa 
in the gills of P. annectens kept in fresh water on day 0 (FW; control), or exposed to 
100 mmol l-1 NH4Cl for 1, 3 or 6 days (d). (a) Immunoblot of Aqp1aa. (b) The 
protein abundance of Aqp1aa expressed as arbitrary densitometric units per 40 µg 
protein. Results represent mean ± S.E.M. (N=3). Means not sharing the same letter 
are significantly different (P<0.05). 
(a) 





















































































Figure 76. Protein abundance of aquaporin 1aa (Aqp1aa) in the skin of 
Protopterus annectens during ammonia exposure. Protein abundance of Aqp1aa 
in the skin of P. annectens kept in fresh water on day 0 (FW; control), or exposed to 
100 mmol l-1 NH4Cl for 1, 3 or 6 days (d). (a) Immunoblot of Aqp1aa. (b) The 
protein abundance of Aqp1aa expressed as arbitrary densitometric units per 50 µg 
protein. Results represent mean ± S.E.M. (N=3). Means not sharing the same letter 
are significantly different (P<0.05). 
(a) 























































































5.1.2.1. Changes in aqp3a mRNA expression levels in the gills of P. annectens 
upon exposure to 100 mmol l-1 NH4Cl in fresh water 
The mRNA expression level of aqp3a in the gills of P. annectens remained 
unchanged after 1 day of exposure to 100 mmol l-1 NH4Cl, but it decreased 
significantly after 3 days (by 29%) or 6 days (by 29%) of exposure to 100 mmol l-1 
NH4Cl as compared to control values (Fig. 77).  
5.1.2.2. Changes in aqp3a mRNA expression levels in the skin of P. annectens 
upon exposure to 100 mmol l-1 NH4Cl in fresh water 
There were no significant changes in the mRNA expression levels of aqp3a in the 
skin of P. annectens after 1 day, 3 days or 6 days of exposure to 100 mmol l-1 NH4Cl 
(Fig. 78).  
5.1.2.3. Changes in Aqp3a protein abundance in the gills of P. annectens upon 
exposure to 10 mmol l-1 NH4Cl in fresh water 
The protein abundance of Aqp3a in the gills of P. annectens decreased significantly 
after 1 day (by 83%) or 3 days (by 61%) of exposure to 100 mmol l-1 NH4Cl, but it 
returned to control values after 6 days of exposure to 100 mmol l-1 NH4Cl (Fig. 79).  
5.1.2.4. Changes in Aqp3a protein abundance in the skin of P. annectens upon 
exposure to 100 mmol l-1 NH4Cl in fresh water 
The protein abundance of Aqp3a in the skin of P. annectens decreased significantly 
by 83% after 1 day of exposure to 100 mmol l-1 NH4Cl, but it returned to control 




Figure 77. mRNA expression levels of aquaporin 3a (aqp3a) in the gills of 
Protopterus annectens during ammonia exposure. Absolute quantification of 
mRNA (×102 copies of transcripts per ng cDNA) of aqp3a in the gills of P. 
annectens kept in fresh water on day 0 (FW; control), or exposed to 100 mmol l-1 
NH4Cl for 1, 3 or 6 days (d). Results represent means ± S.E.M (N=4). Means not 


































































Figure 78. mRNA expression levels of aquaporin 3a (aqp3a) in the skin of 
Protopterus annectens during ammonia exposure. Absolute quantification of 
mRNA (×103 copies of transcripts per ng cDNA) of aqp3a in the skin of P. 
annectens kept in fresh water on day 0 (FW; control), or exposed to 100 mmol l-1 
NH4Cl for 1, 3 or 6 days (d). Results represent means ± S.E.M (N=4). Means not 
































































Figure 79. Protein abundance of aquaporin 3a (Aqp3a) in the gills of 
Protopterus annectens during ammonia exposure. Protein abundance of Aqp3a in 
the gills of P. annectens kept in fresh water on day 0 (FW; control), or exposed to 
100 mmol l-1 NH4Cl for 1, 3 or 6 days (d). (a) Immunoblot of Aqp3a. (b) The protein 
abundance of Aqp3a expressed as arbitrary densitometric units per 100 µg protein. 
Results represent mean ± S.E.M. (N=3). Means not sharing the same letter are 
significantly different (P<0.05). 
(a) 





















































































Figure 80. Protein abundance of aquaporin 3a (Aqp3a) in the skin of 
Protopterus annectens during ammonia exposure. Protein abundance of Aqp3a in 
the skin of P. annectens kept in fresh water on day 0 (FW; control), or exposed to 
100 mmol l-1 NH4Cl for 1, 3 or 6 days (d). (a) Immunoblot of Aqp3a. (b) The protein 
abundance of Aqp3a expressed as arbitrary densitometric units per 50 µg protein. 
Results represent mean ± S.E.M. (N=3). Means not sharing the same letter are 
significantly different (P<0.05). 
(a) 






















































































5.1.3.1. Changes in rhag mRNA expression levels in the gills of P. annectens 
upon exposure to 100 mmol l-1 NH4Cl in fresh water 
The mRNA expression levels of rhag in the gills of P. annectens after 1 day of 
exposure to 100 mmol l-1 NH4Cl was comparable to those of freshwater fish, but it 
increased significantly by 1.4-fold after 3 days of exposure to 100 mmol l-1 NH4Cl 
as compared to control values (Fig. 81). Subsequently, the mRNA expression levels 
of rhag returned to control values in the gills of P. annectens after 6 days of 
exposure to 100 mmol l-1 NH4Cl (Fig. 81). 
5.1.3.2. Changes in rhag mRNA expression levels in the skin of P. annectens 
upon exposure to 100 mmol l-1 NH4Cl in fresh water 
The mRNA expression levels of rhag remained unchanged in the skin of P. 
annectens after 1 day of exposure to 100 mmol l-1 NH4Cl, but it increased 
significantly by 1.5-fold after 3 days of exposure to 100 mmol l-1 NH4Cl as 
compared to control values (Fig. 82). Subsequently, the mRNA expression levels of 
rhag returned to control level in the skin of P. annectens after 6 days of exposure to 
100 mmol l-1 NH4Cl (Fig. 82). 
5.1.3.3. Changes in Rhag protein abundance in the gills of P. annectens upon 
exposure to 100 mmol l-1 NH4Cl in fresh water 
The protein abundance of Rhag decreased significantly in the gills of P. annectens 
after 1 day (by 73%), 3 days (by 96%) or 6 days (by 97%) exposure to 100 mmol l-1 
NH4Cl (Fig. 83). 
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5.1.3.4. Changes in Rhag protein abundance in the skin of P. annectens upon 
exposure to 100 mmol l-1 NH4Cl in fresh water 
The protein abundance of Rhag in the skin of P. annectens remained unchanged 
after 1 day of exposure to 100 mmol l-1 NH4Cl, but it decreased significantly after 3 




Figure 81. mRNA expression levels of rhesus blood group-associated 
glycoprotein (rhag) in the gills of Protopterus annectens during ammonia 
exposure. Absolute quantification of mRNA (×104 copies of transcripts per ng 
cDNA) of rhag in the gills of P. annectens kept in fresh water on day 0 (FW; 
control), or exposed to 100 mmol l-1 NH4Cl for 1, 3 or 6 days (d). Results represent 
means ± S.E.M (N=4). Means not sharing the same letter are significantly different 



































































Figure 82. mRNA expression levels of rhesus blood group-associated 
glycoprotein (rhag) in the skin of Protopterus annectens during ammonia 
exposure. Absolute quantification of mRNA (×102 copies of transcripts per ng 
cDNA) of rhag in the skin of P. annectens kept in fresh water on day 0 (FW; 
control), or exposed to 100 mmol l-1 NH4Cl for 1, 3 or 6 days (d). Results represent 
means ± S.E.M (N=4). Means not sharing the same letter are significantly different 

































































Figure 83. Protein abundance of rhesus blood group-associated glycoprotein 
(Rhag) in the gills of Protopterus annectens during ammonia exposure. Protein 
abundance of Rhag in the gills of P. annectens kept in fresh water on day 0 (FW; 
control), or exposed to 100 mmol l-1 NH4Cl for 1, 3 or 6 days (d). (a) Immunoblot of 
Rhag. (b) The protein abundance of Rhag expressed as arbitrary densitometric units 
per 100 µg protein. Results represent mean ± S.E.M. (N=3). Means not sharing the 
same letter are significantly different (P<0.05). 
(a) 




















































































Figure 84. Protein abundance of rhesus blood group-associated glycoprotein 
(Rhag) in the skin of Protopterus annectens during ammonia exposure. Protein 
abundance of Rhag in the skin of P. annectens kept in fresh water on day 0 (FW; 
control), or exposed to 100 mmol l-1 NH4Cl for 1, 3 or 6 days (d). (a) Immunoblot of 
Rhag. (b) The protein abundance of Rhag expressed as arbitrary densitometric units 
per 100 µg protein. Results represent mean ± S.E.M. (N=3). Means not sharing the 
same letter are significantly different (P<0.05). 
(a) 























































































5.1.4.1. Changes in rhbg mRNA expression levels in the gills of P. annectens 
upon exposure to 100 mmol l-1 NH4Cl in fresh water 
The mRNA expression level of rhbg in the gills of P. annectens increased 
significantly by 1.2-fold after 1 day of exposure to 100 mmol l-1 NH4Cl, but it 
returned to control values in the gills of P. annectens after 3 days of exposure to 100 
mmol l-1 NH4Cl (Fig. 85). 
5.1.4.2. Changes in rhbg mRNA expression levels in the skin of P. annectens 
upon exposure to 100 mmol l-1 NH4Cl in fresh water 
The mRNA expression levels of rhbg in the skin of P. annectens remained 
unchanged after 1 day of exposure to 100 mmol l-1 NH4Cl, but it increased 
significantly after 3 days (1.9-fold) or 6 days (1.9-fold) of exposure to 100 mmol l-1 
NH4Cl as compared to control values (Fig. 86).  
5.1.4.3. Changes in Rhbg protein abundance in the gills of P. annectens upon 
exposure to 100 mmol l-1 NH4Cl in fresh water 
The protein abundance of Rhbg in the gills of P. annectens remained unchanged 
after 1 day or 3 days of exposure to 100 mmol l-1 NH4Cl, but it decreased 
significantly by 72% after 6 days of exposure to 100 mmol l-1 NH4Cl as compared to 
control values (Fig. 87).  
5.1.4.4. Changes in Rhbg protein abundance in the skin of P. annectens upon 
exposure to 100 mmol l-1 NH4Cl in fresh water 
The protein abundance of Rhbg in the skin of P. annectens remained unchanged 
after 1 day of exposure to 100 mmol l-1 NH4Cl, but it increased significantly by 1.4-
fold after 3 days of exposure to 100 mmol l-1 NH4Cl as compared to control values 
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(Fig. 88). The protein abundance of Rhbg returned to control values in the skin of P. 




Figure 85. mRNA expression levels of rhesus family B glycoprotein (rhbg) in the 
gills of Protopterus annectens during ammonia exposure. Absolute quantification 
of mRNA (×104 copies of transcripts per ng cDNA) of rhbg in the gills of P. 
annectens kept in fresh water on day 0 (FW; control), or exposed to 100 mmol l-1 
NH4Cl for 1, 3 or 6 days (d). Results represent means ± S.E.M (N=4). Means not 

































































Figure 86. mRNA expression levels of rhesus family B glycoprotein (rhbg) in the 
skin of Protopterus annectens during ammonia exposure. Absolute quantification 
of mRNA (×103 copies of transcripts per ng cDNA) of rhbg in the skin of P. 
annectens kept in fresh water on day 0 (FW; control), or exposed to 100 mmol l-1 
NH4Cl for 1, 3 or 6 days (d). Results represent means ± S.E.M (N=4). Means not 
































































Figure 87. Protein abundance of rhesus family B glycoprotein (Rhbg) in the 
gills of Protopterus annectens during ammonia exposure. Protein abundance of 
Rhbg in the gills of P. annectens kept in fresh water on day 0 (FW; control), or 
exposed to 100 mmol l-1 NH4Cl for 1, 3 or 6 days (d). (a) Immunoblot of Rhbg. (b) 
The protein abundance of Rhbg expressed as arbitrary densitometric units per 100 
µg protein. Results represent mean ± S.E.M. (N=3). Means not sharing the same 
letter are significantly different (P<0.05). 
(a) 



















































































Figure 88. Protein abundance of rhesus family B glycoprotein (Rhbg) in the 
gills of Protopterus annectens during ammonia exposure. Protein abundance of 
Rhbg in the skin of P. annectens kept in fresh water on day 0 (FW; control), or 
exposed to 100 mmol l-1 NH4Cl for 1, 3 or 6 days (d). (a) Immunoblot of Rhbg. (b) 
The protein abundance of Rhbg expressed as arbitrary densitometric units per 30 µg 
protein. Results represent mean ± S.E.M. (N=3). Means not sharing the same letter 
are significantly different (P<0.05). 
(a) 






















































































5.1.5.1. Changes in rhcg mRNA expression levels in the gills of P. annectens 
upon exposure to 100 mmol l-1 NH4Cl in fresh water 
The mRNA expression level of rhcg increased significantly by 1.6-fold in the gills 
of P. annectens after 1 day of exposure to 100 mmol l-1 NH4Cl, but it returned to 
control values after 3 days of exposure to 100 mmol l-1 NH4Cl as (Fig. 89).  
5.1.5.2. Changes in rhcg mRNA expression levels in the skin of P. annectens 
upon exposure to 100 mmol l-1 NH4Cl in fresh water 
While the mRNA expression level of rhcg in the skin of P. annectens remained 
unchanged after 1 day of exposure to 100 mmol l-1 NH4Cl, but it decreased 
significantly after 3 days (by 59%) or 6 days (by 49%) of exposure to 100 mmol l-1 
NH4Cl as compared to control values (Fig. 90).  
5.1.5.3. Changes in Rhcg protein abundance in the gills of P. annectens upon 
exposure to 100 mmol l-1 NH4Cl in fresh water 
The protein abundance of Rhcg decreased significantly in the gills of P. annectens 
after 1 day (by 76%), 3 days (by 58%) or 6 days (by 90%) of exposure to 100 mmol 
l-1 NH4Cl (Fig. 91).  
5.1.5.4. Changes in Rhcg protein abundance in the skin of P. annectens upon 
exposure to 100 mmol l-1 NH4Cl in fresh water 
The protein abundance of Rhcg increased significantly in the skin of P. annectens 
after 1 day (1.7-fold), 3 days (3.4-fold) or 6 days (2.4-fold) of exposure to 100 mmol 




Figure 89. mRNA expression levels of rhesus family C glycoprotein (rhcg) in the 
gills of Protopterus annectens during ammonia exposure. Absolute quantification 
of mRNA (×105 copies of transcripts per ng cDNA) of rhcg in the gills of P. 
annectens kept in fresh water on day 0 (FW; control), or exposed to 100 mmol l-1 
NH4Cl for 1, 3 or 6 days (d). Results represent means ± S.E.M (N=4). Means not 


































































Figure 90. mRNA expression levels of rhesus family C glycoprotein (rhcg) in the 
skin of Protopterus annectens during ammonia exposure. Absolute quantification 
of mRNA (×102 copies of transcripts per ng cDNA) of rhcg in the skin of P. 
annectens kept in fresh water on day 0 (FW; control), or exposed to 100 mmol l-1 
NH4Cl for 1, 3 or 6 days (d). Results represent means ± S.E.M (N=4). Means not 


































































Figure 91. Protein abundance of rhesus family C glycoprotein (Rhcg) in the 
gills of Protopterus annectens during ammonia exposure. Protein abundance of 
Rhcg in the gills of P. annectens kept in fresh water on day 0 (FW; control), or 
exposed to 100 mmol l-1 NH4Cl for 1, 3 or 6 days (d). (a) Immunoblot of Rhcg. (b) 
The protein abundance of Rhcg expressed as arbitrary densitometric units per 50 µg 
protein. Results represent mean ± S.E.M. (N=3). Means not sharing the same letter 
are significantly different (P<0.05). 
(a) 



















































































Figure 92. Protein abundance of rhesus family C glycoprotein (Rhcg) in the 
skin of Protopterus annectens during ammonia exposure. Protein abundance of 
rhesus family C glycoprotein (Rhcg) in the skin of Protopterus annectens kept in 
fresh water on day 0 (FW; control), or exposed to 100 mmol l-1 NH4Cl for 1, 3 or 6 
days (d). (a) Immunoblot of Rhcg. (b) The protein abundance of Rhcg expressed as 
arbitrary densitometric units per 40 µg protein. Results represent mean ± S.E.M. 
(N=3). Means not sharing the same letter are significantly different (P<0.05). 
(a) 






















































































5.1.6.1. Changes in ut-a2a mRNA expression levels in the gills of P. annectens 
upon exposure to 100 mmol l-1 NH4Cl in fresh water 
The mRNA expression levels of ut-a2a in the gills of P. annectens remained 
unchanged after 1 day or 3 days of exposure to 100 mmol l-1 NH4Cl, but it decreased 
significantly by 65% after 6 days of exposure to 100 mmol l-1 NH4Cl as compared to 
control values (Fig. 93).  
5.1.6.2. Changes in ut-a2a mRNA expression levels in the skin of P. annectens 
upon exposure to 100 mmol l-1 NH4Cl in fresh water 
The mRNA expression levels of ut-a2a decreased significantly in the gills of P. 
annectens after 1 day (by 75%), 3 days (by 79%) or 6 days (by 76%) of exposure to 
100 mmol l-1 NH4Cl (Fig. 94).  
5.1.6.3. Changes in Ut-a2a protein abundance in the gills of P. annectens upon 
exposure to 100 mmol l-1 NH4Cl in fresh water 
The protein abundance of Ut-a2a decreased significantly in the gills of P. annectens 
after 1 day (by 69%), 3 days (by 64%) or 6 days (by 55%) of exposure to 100 mmol 
l-1 NH4Cl (Fig. 95). 
5.1.6.4. Changes in Ut-a2a protein abundance in the skin of P. annectens upon 
exposure to 100 mmol l-1 NH4Cl in fresh water 
The protein abundance of Ut-a2a decreased significantly in the skin of P. annectens 
after 1 day (by 73%), 3 days (by 71%) or 6 days (by 54%) of exposure to 100 mmol 




Figure 93. mRNA expression levels of urea transporter A2a (ut-a2a) in the gills 
of Protopterus annectens during ammonia exposure. Absolute quantification of 
mRNA (×102 copies of transcripts per ng cDNA) of ut-a2a in the gills of P. 
annectens kept in fresh water on day 0 (FW; control), or exposed to 100 mmol l-1 
NH4Cl for 1, 3 or 6 days (d). Results represent means ± S.E.M (N=4). Means not 
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Figure 94. mRNA expression levels of urea transporter A2a (ut-a2a) in the skin 
of Protopterus annectens during ammonia exposure. Absolute quantification of 
mRNA (×102 copies of transcripts per ng cDNA) of urea transporter A2a (ut-a2a) 
in the skin of Protopterus annectens kept in fresh water on day 0 (FW; control), or 
exposed to 100 mmol l-1 NH4Cl for 1, 3 or 6 days (d). Results represent means ± 
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Figure 95. Protein abundance of urea transporter A2a (Ut-a2a) in the gills of 
Protopterus annectens during ammonia exposure. Protein abundance of Ut-a2a in 
the gills of P. annectens kept in fresh water on day 0 (FW; control), or exposed to 
100 mmol l-1 NH4Cl for 1, 3 or 6 days (d). (a) Immunoblot of Ut-a2a. (b) The 
protein abundance of Ut-a2a expressed as arbitrary densitometric units per 200 µg 
protein. Results represent mean ± S.E.M. (N=3). Means not sharing the same letter 
are significantly different (P<0.05). 
(a) 




















































































Figure 96. Protein abundance of urea transporter A2a (Ut-a2a) in the skin of 
Protopterus annectens during ammonia exposure. Protein abundance of Ut-a2a in 
the skin of P. annectens kept in fresh water on day 0 (FW; control), or exposed to 
100 mmol l-1 NH4Cl for 1, 3 or 6 days (d). (a) Immunoblot of Ut-a2a. (b) The 
protein abundance of Ut-a2a expressed as arbitrary densitometric units per 100 µg 
protein. Results represent mean ± S.E.M. (N=3). Means not sharing the same letter 
are significantly different (P<0.05). 
(a) 























































































5.1.7.1. Changes in ut-a2b mRNA expression levels in the gills of P. annectens 
upon exposure to 100 mmol l-1 NH4Cl in fresh water 
The mRNA expression level of ut-a2b increased significantly by 1.7-fold in the gills 
of P. annectens after 1 day of exposure to 100 mmol l-1 NH4Cl, but it returned to 
control values after 3 days of exposure to 100 mmol l-1 NH4Cl (Fig. 97).  
5.1.7.2. Changes in ut-a2b mRNA expression levels in the skin of P. annectens 
upon exposure to 100 mmol l-1 NH4Cl in fresh water 
There were no significant changes in the mRNA expression levels of ut-a2b in the 
skin of P. annectens after 1 day, 3 days or 6 days of exposure to 100 mmol l-1 NH4Cl 
(Fig. 98).  
5.1.7.3. Changes in Ut-a2b protein abundance in the gills of P. annectens upon 
exposure to 100 mmol l-1 NH4Cl in fresh water 
The protein abundance of Ut-a2b increased significantly by 11.0-fold in the gills of 
P. annectens after 1 day of exposure to 100 mmol l-1 NH4Cl, but it returned to 
control values after 3 days of exposure to 100 mmol l-1 NH4Cl as (Fig. 99).  
5.1.7.4. Changes in Ut-a2b protein abundance in the skin of P. annectens upon 
exposure to 100 mmol l-1 NH4Cl in fresh water 
The protein abundance of Ut-a2b decreased significantly in the gills of P. annectens 
after 1 day (by 63%), 3 days (by 87%) or 6 days (by 90%) exposure to 100 mmol l-1 




Figure 97. mRNA expression levels of urea transporter A2b (ut-a2b) in the gills 
of Protopterus annectens during ammonia exposure. Absolute quantification of 
mRNA (×102 copies of transcripts per ng cDNA) of ut-a2b in the gills of P. 
annectens kept in fresh water on day 0 (FW; control), or exposed to 100 mmol l-1 
NH4Cl for 1, 3 or 6 days (d). Results represent means ± S.E.M (N=4). Means not 




































































Figure 98. mRNA expression levels of urea transporter A2b (ut-a2b) in the skin 
of Protopterus annectens during ammonia exposure. Absolute quantification of 
mRNA (copies of transcripts per ng cDNA) of ut-a2b in the skin of P. annectens 
kept in fresh water on day 0 (FW; control), or exposed to 100 mmol l-1 NH4Cl for 1, 
3 or 6 days (d). Results represent means ± S.E.M (N=4). Means not sharing the same 



























































Figure 99. Protein abundance of urea transporter A2b (Ut-a2b) in the gills of 
Protopterus annectens during ammonia exposure. Protein abundance of Ut-a2b in 
the gills of P. annectens kept in fresh water on day 0 (FW; control or exposed to 100 
mmol l-1 NH4Cl for 1, 3 or 6 days (d). (a) Immunoblot of Ut-a2b. (b) The protein 
abundance of Ut-a2b expressed as arbitrary densitometric units per 200 µg protein. 
Results represent mean ± S.E.M. (N=3). Means not sharing the same letter are 
significantly different (P<0.05). 
(a) 





















































































Figure 100. Protein abundance of urea transporter A2b (Ut-a2b) in the skin of 
Protopterus annectens during ammonia exposure. Protein abundance of Ut-a2b in 
the skin of P. annectens kept in fresh water on day 0 (FW; control), or exposed to 
100 mmol l-1 NH4Cl for 1, 3 or 6 days (d). (a) Immunoblot of Ut-a2b. (b) The 
protein abundance of Ut-a2b expressed as arbitrary densitometric units per 100 µg 
protein. Results represent mean ± S.E.M. (N=3). Means not sharing the same letter 
are significantly different (P<0.05). 
(a) 
























































































5.1.8.1. Changes in ut-a2c mRNA expression levels in the gills of P. annectens 
upon exposure to 100 mmol l-1 NH4Cl in fresh water 
There were no significant changes in the mRNA expression levels of ut-a2c in the 
gills of P. annectens after 1 day, 3 days or 6 days of exposure to 100 mmol l-1 
NH4Cl (Fig. 101).  
5.1.8.2. Changes in ut-a2c mRNA expression levels in the skin of P. annectens 
upon exposure to 100 mmol l-1 NH4Cl in fresh water 
There were no significant changes in the mRNA expression levels of ut-a2c in the 
skin of P. annectens after 1 day, 3 days or 6 days of exposure to 100 mmol l-1 NH4Cl 
(Fig. 102).  
5.1.8.3. Changes in Ut-a2c protein abundance in the gills of P. annectens upon 
exposure to 100 mmol l-1 NH4Cl in fresh water 
There were no significant changes in the protein abundance of Ut-a2c in the gills of 
P. annectens after 1 day, 3 days or 6 days of exposure to 100 mmol l-1 NH4Cl (Fig. 
103).  
5.1.8.4. Changes in Ut-a2c protein abundance in the skin of P. annectens upon 
exposure to 100 mmol l-1 NH4Cl in fresh water 
While the protein abundance of Ut-a2c in the skin of P. annectens remained 
unchanged after 1 day of exposure to 100 mmol l-1 NH4Cl, but it increased 
significantly after 3 days (1.5-fold) or 6 days (1.6-fold) of exposure to 100 mmol l-1 




Figure 101. mRNA expression levels of urea transporter A2c (ut-a2c) in the gills 
of Protopterus annectens during ammonia exposure. Absolute quantification of 
mRNA (copies of transcripts per ng cDNA) of ut-a2c in the gills of P. annectens 
kept in fresh water on day 0 (FW; control), or exposed to 100 mmol l-1 NH4Cl for 1, 
3 or 6 days (d). Results represent means ± S.E.M (N=4). Means not sharing the same 

























































Figure 102. mRNA expression levels of urea transporter A2c (ut-a2c) in the skin 
of Protopterus annectens during ammonia exposure. Absolute quantification of 
mRNA (copies of transcripts per ng cDNA) of ut-a2c in the skin of P. annectens 
kept in fresh water on day 0 (FW; control), or exposed to 100 mmol l-1 NH4Cl for 1, 
3 or 6 days (d). Results represent means ± S.E.M (N=4). Means not sharing the same 

























































Figure 103. Protein abundance of urea transporter A2c (Ut-a2c) in the gills of 
Protopterus annectens during ammonia exposure. Protein abundance of Ut-a2c in 
the gills of P. annectens kept in fresh water on day 0 (FW; control), or exposed to 
100 mmol l-1 NH4Cl for 1, 3 or 6 days (d). (a) Immunoblot of Ut-a2c. (b) The 
protein abundance of Ut-a2c expressed as arbitrary densitometric units per 50 µg 
protein. Results represent mean ± S.E.M. (N=3). Means not sharing the same letter 
are significantly different (P<0.05). 
(a)  

















































































Figure 104. Protein abundance of urea transporter A2c (Ut-a2c) in the skin of 
Protopterus annectens during ammonia exposure. Protein abundance of Ut-a2c in 
the skin of P. annectens kept in fresh water on day 0 (FW; control), or exposed to 
100 mmol l-1 NH4Cl for 1, 3 or 6 days (d). (a) Immunoblot of Ut-a2c. (b) The 
protein abundance of Ut-a2c expressed as arbitrary densitometric units per 40 µg 
protein. Results represent mean ± S.E.M. (N=3). Means not sharing the same letter 
are significantly different (P<0.05). 
(a)  

























































































5.2.1. Molecular changes occurring in the gills upon exposure to 100 mmol l-1 
NH4Cl in fresh water 
5.2.1.1. Decreases in the protein abundance of Aqp1aa and Aqp3a to reduce the 
water and NH3 fluxes  
Naturally, aestivation occurs when an African lungfish is stranded in a puddle of 
water or in semi-solid mud during the dry season. The continual excretion of 
ammonia into a small volume of external medium would lead to high concentrations 
of environmental ammonia. Elevated concentrations of ammonia in the environment 
can result in impaired ammonia excretion and/or a net influx of ammonia from the 
environment. This can lead to an elevation in body ammonia levels, resulting in 
convulsions and death. While most fish species cannot tolerate high environmental 
ammonia concentrations, African lungfishes (P. dolloi, Chew et al., 2005b; P. 
aethiopicus, Loong et al., 2007; P. annectens, Loong et al., 2012a and in this study) 
can tolerate exposure to at least 100 mmol  l-1 NH4Cl in fresh water. Results from 
this study indicated that there were significant decreases in the protein abundance of 
Aqp3a on day 1 and 3 and Aqp1aa on day 6 in the gills of P. annectens during 
exposure to 100 mmol  l-1 NH4Cl.  
Freshwater fishes such as P. annectens undergo hyperosmotic regulation in 
fresh water which has an osmolality of ~40 mosmolal. Despite a constant influx of 
water through osmosis, hyperosmotic regulatory mechanisms would maintain ionic 
and osmotic balance under normal situation. However, water containing 100 mmol l-
1 NH4Cl has an osmolality of ~180 mosmolal. As such, when P. annectens was 
transferred from fresh water to water containing 100 mmol l-1 NH4Cl, the osmotic 
balance would be momentarily disrupted as there would be a slight increase in the  
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Table 19. Summary table on the changes in protein abundances of Aqp, Rhgp 
and Ut isoforms in the gills of P. annectens upon exposure to 100 mmol l-1 
NH4Cl in fresh water. Decreases in expression are denoted with ‘↓’, while 
increases in expression are denoted with ‘↑’. No significant changes in expression 
are denoted with ‘=’.  
 
Protein Ammonia exposure 
1 d 3 d 6 d 
Aqp1aa ↑ = ↓ 
Aqp3a ↓ ↓ = 
Rhag ↓ ↓ ↓ 
Rhbg = = ↓ 
Rhcg ↓ ↓ ↓ 
Ut-a2a ↓ ↓ ↓ 
Ut-a2b ↑ = = 




unidirectional efflux of water leading to an overall decrease in net influx of water. 
Therefore, the down-regulation in the protein abundances of Aqp1aa and Aqp3a in 
the gills of P. annectens exposed to 100 mmol l-1 NH4Cl could be a response to 
reduce the perturbance in water fluxes across the branchial epithelium.  
Furthermore, Aqp1aa has the physicochemical potential for NH3 permeation 
through the fifth central pore (see section 4.2.1.2. for a more detailed discussion), 
and AQP3 is also known to transport NH3 (Holm et al., 2005; Litman et al., 2009; 
Geyer et al., 2013). It is possible that Aqp1aa and Aqp3a could facilitate NH3 
excretion in the gills of P. annectens kept in fresh water. As Aqp1aa and Aqp3a are 
passive NH3 channels which facilitate NH3 permeation down its partial pressure 
gradient, the down-regulation of their protein abundances could probably reduce the 
influx of exogenous NH3 in the gills of P. annectens during exposure to 100 mmol  l-
1 NH4Cl. 
5.2.1.2. The possible involvement of Aqp1aa in CO2 conductance 
By contrast, the protein abundance of Aqp1aa increased significantly in the gills of 
P. annectens on day 1 of exposure to 100 mmol l-1 NH4Cl. If Aqp1aa were to 
support the transport of NH3 in this instance, the presence of an inwardly directed 
gradient of NH3 will result in the back flux of NH3 in the gills of P. annectens. 
Therefore, it is logical to deduce that the up-regulation of Aqp1aa could concern 
another cell type which is involved in gaseous exchange, and it could be a response 
to facilitate CO2 excretion, but future work on immunofluorescence microscopy will 
be needed to confirm this. 
AQP1 can function as a CO2 channel (Herrera and Garvin, 2011) and 
AQP1/Aqp1 reconstituted into proteoliposomes or expressed by Xenopus oocytes 
could enhance water and CO2 permeability (Nakhoul et al., 1998; Prasad et al., 1998; 
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Chen et al., 2010). A recent study using a scanning ion-selective electrode technique 
to analyze CO2-induced H
+ secretion by individual ionocytes in embryos reported 
that D. rerio Aqp1a.1 is involved in acid secretion by facilitating CO2 diffusion from 
the body fluid to the H+-ATPase-rich cells (Horng et al., 2015). H+ secretion by H+-
ATPase-rich cells remarkably increases after a transient loading of CO2 (Horng et al., 
2015). Aqp1a.1 knockdown with morpholino oligonucleotides decreases the H+ 
secretion of H+-ATPase-rich cells by about half and limited the CO2 stimulated 
increase (Horng et al., 2015).  
It has been established that CO2 excretion can contribute to the acidification 
of the external environment when P. dolloi is exposed to 30 mmol l-1 NH4Cl (Wood 
et al., 2005b). Over a 24-h period of exposure to 30 mmol l-1 NH4Cl, the pH of the 
external environment decreases from about 7.0 to below 5.0 (Wood et al., 2005b). 
This decreases the concentration of NH3 in the water, thereby minimizing ΔPNH3 for 
diffusive entry and/or reducing the influx of exogenous NH3 (Wood et al., 2005b). 
CO2 excretion is partly responsible for this acidification, because vigorous water 
aeration decreases but does not eliminate the acidification, and urea excretion 
increases moderately (Wood et al., 2005b). Taken together, it is possible that the up-
regulation of Aqp1aa contributes to CO2 conductance in the gills of P. annectens on 
day 1 of exposure to 100 mmol l-1 NH4Cl, which could result in the acidification and 
the decrease in the ratio of NH3 to NH4
+ in the external environment. 
5.2.1.3. Decreases in the protein abundance of Rhgp to reduce the influx of 
exogenous ammonia 
There were also significant decreases in the protein abundance of Rhag, Rhbg and 
Rhcg in the gills of P. annectens during exposure to 100 mmol l-1 NH4Cl. Since 
Rhag could be expressed in the erythrocytes of P. annectens (see section 4.2.6.1.2. 
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for a more detailed discussion), the down-regulation of Rhag expression could 
indicate that the erythrocytes carry less ammonia that are released from the liver 
(and other organs), and/or there could be a decrease in the release of ammonia from 
the erythrocytes to the plasma in P. annectens during environmental ammonia 
exposure. This result corroborates with the results of Loong et al. (2007) that P. 
aethiopicus maintains low ammonia contents in the plasma, muscle, liver and brain 
during environmental ammonia exposure. 
Furthermore, it is possible that Rhag is expressed in the pillar cells (see 
section 4.2.6.1.2. for a more detailed discussion), and Rhbg and Rhcg are probably 
localized at the basolateral and apical membrane of branchial cells, respectively 
(Weihrauch et al., 2009; Wright and Wood, 2009, 2012). Therefore, the down-
regulation of Rhag, Rhbg and/or Rhcg could reduce the influx of exogenous 
ammonia in the gills of P. annectens during exposure to 100 mmol l-1 NH4Cl. 
However, contrary to the proposition of Nakhoul and Hamm (2014), the decrease in 
the protein abundance of Rhcg was not accompanied with a decrease in the protein 
abundance of Rhbg in the gills of P. annectens on day 1 and 3 of exposure to 100 
mmol l-1 NH4Cl. Since Rhcg is probably an apical ammonia transporter in the gills 
of P. annectens, it is important for P. annectens to decrease the protein abundance of 
Rhcg in the gills as an immediate response to reduce the passive influx of ammonia 
down the large inwardly-directed ammonia gradient from the external medium into 
the branchial epithelial cells. 
5.2.1.4. Changes in the protein abundance of Ut-a2a and Ut-a2b could lead to 
urea retention 
During aestivation, the up-regulation of Ut-a2b could facilitate urea retention in the 
gills of P. annectens during the induction and maintenance phases of aestivation (see 
 296 
 
sections 4.2.6.1.3. and 4.2.6.2.3. for more detailed discussion), while the up-
regulation of Ut-a2a could facilitate urea excretion in the gills of P. annectens 
during the arousal phase (see section 4.2.6.3.1. for a more detailed discussion). 
Therefore, the down-regulation of Ut-a2a and up-regulation of Ut-a2b may play a 
role in urea retention in P. annectens during exposure to 100 mmol l-1 NH4Cl. These 
results corroborate previous reports on urea retention in P. dolloi (Chew et al., 
2005b) and P. aethiopicus (Loong et al., 2007) during high environmental ammonia 
exposure. In P. dolloi, the primary function of urea retention during environmental 
ammonia exposure is not for osmoregulation, because the osmolality of a 100 mmol 
l-1 NH4Cl solution (~180 mosmolal) was lower than that of the plasma (~230 
mosmolal; Konno et al., 2009). It was reported that the urea contents in various 
tissues increased significantly in fasted P. dolloi fasted for 40 days (Chew et al. 
2004), despite being immersed in water and having the capacity to up-regulate urea 
excretion under certain conditions (Lim et al., 2004, Wood et al., 2005b). Since 
fasting is known to be one of the inducing factors of aestivation, urea accumulation 
can be an important part of the induction mechanism. Furthermore, environmental 
ammonia exposure can lead to a significant increase in the mRNA expression level 
of cps III in the liver of P. annectens, alluding to the important functional role of 
urea not only as a product of ammonia detoxification but also as an internal signal in 
the induction of aestivation (Loong et al., 2012a). Since urea synthesis and 
accumulation could be one of the essential internal cues for initiating and 
perpetuating aestivation in African lungfishes (Chew et al., 2015), it is logical to 
postulate that exposure to high environmental ammonia could lead to urea retention 
and accumulation in the gills of P. annectens, which in turn induce physiological 
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responses similar to those occurred during aestivation to prepare the lungfish to 
evade the adverse environmental conditions. 
5.2.2. Molecular changes occurring in the skin of P. annectens upon exposure to 
100 mmol l-1 NH4Cl in fresh water 
5.2.2.1. Decreases in the protein abundance of Aqp1aa and Aqp3a to reduce 
water and NH3 fluxes in the skin 
Similar to the gills, there were significant decreases in the protein abundance of 
Aqp1aa and Aqp3a, which could result in decreases in water and NH3 transport in 
the skin of P. annectens during exposure to 100 mmol l-1 NH4Cl. African lungfishes 
can tolerate exposure of 100 mmol l-1 NH4Cl partially because their skin has low 
permeability to NH3. The flux of NH3 through the skin of P. dolloi is estimated to be 
only 0.003 µmol min−1 cm−2, which is lower than that of P. schlosseri (Chew et al., 
2005b). It has been demonstrated in an Ussing-like apparatus that the skin of P. 
aethiopicus has low permeability to NH3, which results in a relatively low influx of 
exogenous ammonia into lungfish exposed to 30 mmol l-1 NH4Cl (0·117 µmol min
−1 
100 g−1 fish; Loong et al., 2007). As a result, P. aethiopicus could afford to maintain 
relatively low ammonia contents in its plasma, muscle, liver and brain even after 6 
days of exposure to 100 mmol l-1 NH4Cl (Loong et al., 2007). Therefore, the down-
regulation in the protein abundances of Aqp1aa and Aqp3a could be interpreted as a 
response to further decrease the permeation of NH3 through the skin of P. annectens 
during exposure to 100 mmol l-1 NH4Cl. 
5.2.2.2. Decrease in the protein abundance of Rhag in the skin to decrease 
ammonia transport 
The epidermis of P. annectens consists of a living epithelial cell layer interspersed 
with very large mucus secretory globlet cells and the scales are embedded within the 
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dermis in which cutaneous blood vessels are located (Sturla et al., 2001). These 
cutaneous blood vessels may contain erythrocytes that contain Rhag. Therefore, the  
Table 20. Summary table on the changes in protein abundances of Aqp, Rhgp 
and Ut isoforms in the gills of P. annectens upon exposure to 100 mmol l-1 
NH4Cl in fresh water. Decreases in expression are denoted with ‘↓’, while 
increases in expression are denoted with ‘↑’. No significant changes in expression 
are denoted with ‘=’. d = day. 
 
Protein Ammonia exposure 
1 d 3 d 6 d 
Aqp1aa = ↓ ↓ 
Aqp3a ↓ = = 
Rhag = ↓ ↓ 
Rhbg = ↑ = 
Rhcg ↑ ↑ ↑ 
Ut-a2a ↓ ↓ ↓ 
Ut-a2b ↓ ↓ ↓ 




decrease in the protein abundance of Rhag in the skin of P. annectens on day 3 and 6 
exposure to 100 mmol l-1 NH4Cl indicate that the erythrocytes carry less ammonia 
that are released from the liver (and other organs), and/or there could be a decrease 
in the release of ammonia from the erythrocytes to the plasma in P. annectens. 
Taken together, these results corroborate with the results of Loong et al. (2007) that 
P. aethiopicus maintains low ammonia contents in the plasma, muscle, liver and 
brain during environmental ammonia exposure.  
5.2.2.3. Rhbg and Rhcg can be involved in CO2 conductance 
By contrast, there were significant increases in the protein abundance of Rhbg and 
Rhcg conductance in the skin of P. annectens on day 3 and 6 of exposure to 100 
mmol l-1 NH4Cl. Since P. annectens was confronted with steep inwardly directed 
gradients of ammonia during exposure to 100 mmol l-1 NH4Cl, it would be 
detrimental for the lungfish if there was a substantial influx of exogenous ammonia 
into the skin. Xenopus occytes expressing human RhBG and RhCG exhibits 
significant CO2 permeability (Geyer et al., 2013). Furthermore, it has been 
demonstrated that P. dolloi could acidify the external environment, partly by CO2 
excretion, during exposure to 30 mmol l-1 NH4Cl (Wood et al., 2005b). Therefore, it 
is possible that the up-regulation of Rhbg and Rhcg could contribute to CO2 
conductance in the skin of P. annectens on day 3 and 6 of exposure to 100 mmol l-1 
NH4Cl, which could result in the acidification and the decrease in NH3 concentration 
of the external environment. How the increased expression of Rhbg and Rhcg 
facilitated CO2 excretion without facilitating an increased influx of exogenous NH3 
is unclear at present.  
 300 
 
5.2.2.4. Changes in the protein abundance of Ut isoforms and relationship with 
urea excretion 
During the arousal phase, the up-regulation of Ut-a2a and Ut-a2b could facilitate 
urea excretion in the skin of P. annectens (see section 4.2.7.3.4 for a more detailed 
discussion). Interestingly, there were significant increases in the protein abundance 
of Ut-a2c, which could result in urea excretion in the skin of P. annectens on day 3 
and 6 of exposure to 100 mmol l-1 NH4Cl. This result is in agreement with the 
increased rates of urea excretion in P. dolloi between day 2 and day 6 of 
environmental ammonia exposure (Chew et al., 2005b). Since there was no 
significant change in the protein abundance of Ut-a2c in the skin of P. annectens 
during the three phases of aestivation, the result may indicate that Ut-a2c could 
respond specifically to environmental ammonia exposure to facilitate urea excretion 
in the skin. It is also important to note that the increase in the protein abundance of 
Ut-a2c only started on day 3 of exposure to 100 mmol l-1 NH4Cl, suggesting that the 
lungfish may be excreting excess urea accumulated during environmental ammonia 
exposure. While it is unclear why there were decreases in the protein abundance of 
Ut-a2a and Ut-a2b in the skin during exposure to 100 mmol l-1 NH4Cl, these results 
indirectly suggest that Ut-a2a, Ut-a2b and Ut-a2c would have a different subcellular 
localization and/or be expressed in different cell types in the skin of P. annectens, 




6. CHAPTER 3 - Gill transcriptome of Protopterus annectens 
6.1. Results 
6.1.1. Sequencing and de novo assembly of the combined transcriptome of the 
gills of P. annectens 
Four cDNA libraries were prepared from the gills of P. annectens kept in fresh 
water, or after 6 days (induction phase) of aestivation, or after 6 months 
(maintenance phase) of aestivation, or after 1 day of arousal from 6 months of 
aestivation, which yielded 42.3 million paired reads, 44.5 million paired reads, 41.0 
million paired reads and 40.9 million paired reads, respectively, after sequencing 
and quality checks. As there is no genome assembly for P. annectens at present, de 
novo assembly of the gill transcriptome of P. annectens was conducted using a total 
of 168.7 million paired reads combined from the four cDNA libraries (Table 21). 
This would serve as a reference for subsequent read mapping and functional 
annotation. A total of 192737 contigs were assembled which corresponded to a total 
contig length of approximately 141.1 million bp (Table 21). The length of the 
contigs obtained ranged from 200 bp to 24272 bp (Table 21). The average contig 
length was 732 bp and the N50 contig length was 1316 bp (Table 21; Fig. 105a). 
There were approximately 72% of the contigs with an average coverage < 20-fold, 
18% of the contigs with an average coverage between 20-fold and 100-fold and 10% 
of the contigs with an average coverage ≥ 100-fold (Fig. 105b). There was a steep 
increase in the contig counts (15−57% for every cumulative 10-fold increase in 
coverage) for contigs with an average coverage < 20-fold (Fig. 105b). By contrast, 
there was a gradual increase in the contig counts (0.8−10% for every cumulative 10-




Table 21. Summary statistics of the combined transcriptome of the gills of 
Protopterus annectens. Four cDNA libraries were prepared from the gills of P. 
annectens kept in fresh water (FW) or after 6 days (d; induction phase) of 
aestivation, or after 6 months (M; maintenance phase) of aestivation, or after 1 day 
of arousal (Ar) from 6 months of aestivation. Overview of sequencing outputs and 
de novo assembly of the combined gill transcriptome using 2×101-bp paired-end 
reads from FW, 6 d, 6 M and 1 d Ar cDNA libraries. 
Summary statistics Combined FW, 6 d and 6 M and 1 d Ar 
gill libraries 
Number of paired reads 168.7 million 
Number of bases 34 billion 
Number of assembled contigs 192737 
Average contig length (bases) 732 
Minimum contig length (bases) 200 
Maximum contig length(bases) 24272 
N50 contig length (bases) 1316 




Figure 105. Distribution of assembled contigs of the combined transcriptome of 
the gills of Protopterus annectens. (a) Number and percentage of assembled contigs 
with different contig length (kb). Contig lengths for N25, N50 and N75 are also 
indicated. (b) Cumulative number and percentage of assembled contigs with 
different average coverage. A dotted line delineates the steep and gradual 
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Increase of 0.8−10% per 10-fold coverage
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6.1.2. in silico evaluation of the combined transcriptome of the gills of P. 
annectens 
To further validate the quality of the assembled contigs, 42 Sanger-sequenced 
complete coding sequences of P. annectens from NCBI database were used. Among 
the 42 Sanger sequences, 27 sequences had excellent hits (E-value = 0), 2 sequences 
had good hits (0 < E-value < 1.0E-30) and 13 sequences had lower homology hits 
(E-value ≥ 1.0E-30; Fig. 106a). This indicated that 69% of the Sanger sequences 
were represented within E-value < 1.0E-30. 
Furthermore, 25 Sanger sequences with excellent hits (E-value = 0) and 2 
Sanger sequences with good hits (0 < E-value < 1.0E-30) had sequence length ≥ 
1000 bp (Fig. 106b). This indicated that 64% of the Sanger sequences were 
represented within E-value < 1.0E-30 and sequence length ≥ 1000 bp. This also 
indicated that both short and long coding sequences were represented within the 
assembly. 
Among the 27 Sanger sequences with excellent hits (E-value = 0), 10 
sequences had 100% hit length, 7 sequences had percentage hit length between 75% 
and 100%, and 10 sequences had percentage hit length < 75% (Fig. 106c). All 
sequences with good hits (0 < E-value < 1.0E-30) had percentage hit length < 75% 
(Fig. 106c). This indicated that full-length and long partial length transcripts of P. 
annectens were represented within the assembly. 
Furthermore, 17 Sanger sequences with excellent hits (E-value = 0) and 1 
Sanger sequence with good hits (0 < E-value < 1.0E-30) had average coverage ≥ 
100-fold (Fig. 106d), indicating that 43% of the Sanger sequences with hits within 




Figure 106. in silico evaluation (using BLASTN with 42 full-length Sanger 
coding sequences of Protopterus annectens) of the combined transcriptome of 
the gills of P. annectens. (a) Percentage distribution (number) of the 42 Sanger 
sequences with respective best hit grouped within different BLASTN E-value range. 
(b) Percentage distribution (number) of the 42 Sanger sequences with different full 
length sizes (bp) grouped within different BLASTN E-value range. (c) Percentage 
distribution (number) of the 42 Sanger sequences with different percentage hit 
length grouped within different BLASTN E-value range. (d) Percentage distribution 
(number) of the 42 Sanger sequences with respective best hit having different 
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6.1.3. Gene set enrichment analysis (GSEA) profiles of the enriched reactome 
pathways in the combined transcriptome of the gills of P. annectens 
Gene set enrichment analysis (GSEA) was conducted on contigs which have E-value 
≤ 1.0E-50 when BLASTX to human nr database and average coverage ≥ 20-fold. 
Contigs were considered up-regulated or down-regulated when fold change ≥ 1.5 or 
fold change ≤ 0.66, respectively. Using these criteria, 1036 and 1487 human 
homolog identifiers that were differentially up-regulated and down-regulated, 
respectively, were obtained in the gills of P. annectens after 6 days of aestivation 
and used for knowledge-based data mining via GSEA software. Reactome pathways 
that were up-regulated and significantly enriched (FDR < 0.05) were associated with 
cell cycle (7), DNA repair (1), gene expression (7), immune system (1), metabolism 
(2), programmed cell death (2), signal transduction (3) and vesicle-mediated 
transport (1; Fig. 107a). Reactome pathways that were down-regulated and 
significantly enriched (FDR < 0.05) were associated with development biology (1), 
extracellular matrix organisation (7), gene expression (2), hemostasis (3), immune 
system (1), metabolism (1), signal transduction (9) and transmembrane transport of 
small molecules (2; Fig. 107b). 
There were 2193 and 4011 human homolog identifiers that were 
differentially up-regulated and down-regulated, respectively, in the gills of P. 
annectens after 6 months of aestivation. Reactome pathways that were up-regulated 
and significantly enriched (FDR < 0.05) were associated with cell cycle (8), cellular 
responses to stress (2), DNA repair (2), gene expression (14), immune system (1), 
metabolism (1), organelle biogenesis and maintenance (1), programmed cell death (1) 
and signal transduction (3; Fig. 107a). Reactome pathways that were down-regulated 
and significantly enriched (FDR < 0.05) were associated with cell-cell 
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communication (1), extracellular matrix organisation (1), hemostasis (4), immune 
system (1), metabolism (2), organelle biogenesis and maintenance (1), signal 
transduction (6) and transmembrane transport of small molecules (3; Fig. 107b). 
There were 1545 and 2982 human homolog identifiers that were 
differentially up-regulated and down-regulated, respectively, in the gills of P. 
annectens after 1 day of arousal from 6 months of aestivation. Reactome pathways 
that were up-regulated and significantly enriched (FDR < 0.05) were associated with 
cell cycle (7), cellular responses to stress (2), DNA repair (1), gene expression (17), 
organelle biogenesis and maintenance (1), programmed cell death (1) and 
transmembrane transport of small molecules (1; Fig. 107a). Reactome pathways that 
were down-regulated and significantly enriched (FDR < 0.05) were associated with 
metabolism (2), signal transduction (1) and transmembrane transport of small 




Figure 107. Gene set enrichment analysis (GSEA) profiles of the enriched 
reactome pathways in the transcriptome of the gills of P. annectens after 6 days 
(d; induction phase) of aestivation, or after 6 months (M; maintenance phase) 
of aestivation, or after 1 day of arousal (Ar) from 6 months of aestivation as 
compared to control fish. False discovery rate (FDR) is calculated with the GSEA 
program by using an empirical phenotype-based permutation test. (a) Distribution 
(number) of reactome pathways that were up-regulated and significantly enriched 
(FDR < 0.05). (b) Distribution (number) of reactome pathways that were down-
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6.1.4. Representative reactome pathways with genes that were up-regulated 
after 6 days of aestivation 
Further analysis of the reactome pathways identified four ancestor pathways with 
genes that were up-regulated and encoded proteins that might drive the biological 
functions in the gills of P. annectens after 6 days of aestivation (Table 22).  
6.1.4.1. Reactome pathways associated with cell cycle 
Two reactome pathways, including cell cycle and cell cycle checkpoints, were 
significantly enriched (FDR < 0.05) and revealed that cell division cycle 14A 
(cdc14a) and cell division cycle 26 (cdc26) were significantly up-regulated in the 
gills of P. annectens after 6 days of aestivation (Table 23). 
6.1.4.2. Reactome pathway associated with metabolism of amino acids and 
derivatives 
The reactome pathway associated with metabolism of amino acids and derivatives 
was significantly enriched (FDR < 0.05) and revealed up-regulation of some genes 
encoding proteins involved in urea cycle and/or arginine metabolism 
(argininosuccinate lyase, asl) and lysine degradation (aminoadipate-semialdehyde 
synthase, aass) in the gills of P. annectens after 6 days of aestivation (Table 23). 
6.1.4.3. Reactome pathways associated with programmed cell death 
Two reactome pathways, including apoptosis and regulation of apoptosis, were 
significantly enriched (FDR < 0.05) and revealed up-regulation of some genes 
encoding proteins involved in apoptotic execution phase (cadherin 1, type 1, E-
cadherin (epithelial), cdh1, plakophilin 1, pkp1 and occludin, ocln) in the gills of P. 
annectens after 6 days of aestivation (Table 23). 
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6.1.4.4. Reactome pathway associated with SLC-mediated transmembrane 
transport 
Although the reactome pathway associated with SLC-mediated transmembrane 
transport was not significantly enriched, it revealed up-regulation of some genes 
encoding proteins involved in Na+-dependent glucose transport and urea transport 
(solute carrier family 5 (sodium/glucose cotransporter), member 1, slc5a1) and 
Na+/H+ exchange (solute carrier family 9, subfamily A (Nhe2, cation proton 
antiporter 2), member 2, slc9a2) in the gills of P. annectens after 6 days of 




Table 22. Overview of representative reactome pathways with genes that were 
up-regulated in the gills of Protopterus annectens after 6 days (d; induction 
phase) of aestivation as compared to freshwater (FW) fish. Total number of 
contigs, with fold change ≥ 1.5 (6 d RPKM/FW RPKM) and FDR < 0.05 when 




Reactome pathway Total 
number of 
contigs 
Cell cycle Cell cycle 5 
 Cell cycle checkpoint 1 
Metabolism Metabolism of amino acids and 
derivatives 
6 
Programmed cell death Apoptosis 13 
 Regulation of apoptosis 3 
Transmembrane transport 






Table 23. Representative genes, in selected reactome pathway, which are up-regulated in the gills of Protopterus annectens after 6 days 
(d; induction phase) of aestivation (fold change ≥ 1.5 (6 d RPKM/FW RPKM) and FDR < 0.05). Genes within each reactome pathway are 
arranged in descending order of fold change and represented together with information of FDR.  





Cell cycle cell division cycle 14A cdc14a 1.64 0.034 
 cell division cycle 26 cdc26 1.54 0.012 
Metabolism of amino acids and  aminoadipate-semialdehyde synthase aass 1.81 0.042 
derivatives argininosuccinate lyase asl 1.79 0.004 
Apoptosis cadherin 1, type 1, E-cadherin (epithelial) cdh1 2.43 0.004 
 plakophilin 1 pkp1 2.21 0.016 
 occludin ocln 1.58 0.027 
SLC-mediated transmembrane transport solute carrier family 5 (sodium/glucose cotransporter), member 1 slc5a1 28.68 0.006 
 solute carrier family 9, subfamily A (Nhe2, cation proton 
antiporter 2), member 2 
slc9a2 2.90 0.012 
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6.1.5. Representative reactome pathways with genes that were down-regulated 
after 6 days of aestivation 
Further analysis of the reactome pathways identified three ancestor pathways with 
genes that were down-regulated and encoded proteins that might be driving the 
biological functions in the gills of P. annectens after 6 days of aestivation (Table 24).  
6.1.5.1. Reactome pathways associated with extracellular matrix organization 
Seven reactome pathways, including assembly of collagen fibrils and other 
multimeric structures, elastic fibre formation, extracellular matrix proteoglycans, 
extracellular matrix organization, integrin cell surface interactions, laminin 
interactions and non-integrin membrane-extracellular matrix interactions, were 
significantly enriched (FDR < 0.05) in control fish and revealed down-regulation in 
the genes encoding for adamalysin metalloproteinase (adamts1), collagen (col2a1, 
col4a1, col4a2, col4a3, col5a1, col6a1, col6a2, col6a3, col6a6, col8a2 and col20a1), 
heparan sulfate proteoglycan (hspg2), integrin (itga5 and itgb2), laminin (lama2, 
lamb1 and lamc3) and matrix metalloproteinase (mmp14 and mmp17) in the gills of 
P. annectens after 6 days of aestivation (Table 25). 
6.1.5.2. Reactome pathways associated with metabolism of amino acids and 
derivatives 
The reactome pathway associated with metabolism of amino acids and derivatives 
revealed down-regulation of some genes encoding proteins involved in urea cycle 
and arginine metabolism (arginase 1, arg1) and transamination between alanine and 
2-oxoglutarate to form pyruvate and glutamate (glutamic pyruvate transaminase 
(alanine aminotransferase) 2, gpt2) in the gills of P. annectens after 6 days of 
aestivation (Table 25). 
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6.1.5.3. Reactome pathways associated with transmembrane transport of small 
molecules 
The reactome pathway associated with aquaporin-mediated transport indicated that 
aquaporin 1aa (aqp1aa) was down-regulated in the gills of P. annectens after 6 days 
of aestivation (Table 25).  
The reactome pathway associated with ion channel transport was 
significantly enriched (FDR < 0.05) in control fish and revealed down-regulation of 
some genes encoding proteins involved in H+ transport (ATPase, H+ transporting, 
lysosomal 70kDa, V1 subunit A, atp6v1a; ATPase, H+ transporting, lysosomal 
16kDa, V0 subunit c, atp6v0c; ATPase, H+ transporting, lysosomal V0 subunit a2, 
atp6v0a2 and ATPase, H+ transporting, lysosomal 42kDa, V1 subunit C2, atp6v1c2), 
Na+ transport (sodium channel, non voltage gated 1 beta subunit, scnn1b) and 
Na+/K+ transport (ATPase, Na+/K+ transporting, beta 2 polypeptide, atp1b2) in the 
gills of P. annectens after 6 days of aestivation (Table 25). 
The reactome pathway associated with SLC-mediated transmembrane 
transport revealed down-regulation of some genes encoding proteins involved in 
Na+/K+/Cl- transport (solute carrier family 12 (sodium/potassium/chloride 
transporter), member 2, slc12a2) and ammonia transport (rh family, B glycoprotein, 
rhbg and rh family, C glycoprotein, rhcg) in the gills of P. annectens after 6 days of 




Table 24. Overview of representative reactome pathways with genes that were 
down-regulated in the gills of Protopterus annectens after 6 days (d; induction 
phase) of aestivation as compared to freshwater (FW) fish. Total number of 
contigs, with fold change ≤ 0.66 (6 d RPKM/FW RPKM) and FDR < 0.05 when 









Assembly of collagen fibrils and other 
multimeric structures  
11 
Elastic fibre formation 2 
Extracellular matrix proteoglycans 1 
 Extracellular matrix organization 20 
 Integrin cell surface interactions 2 
 Laminin interactions 3 
 Non-integrin membrane-extracellular 
matrix interactions 
3 
Metabolism Metabolism of amino acids and 
derivatives 
4 
Metabolism of carbohydrates 13 
Metabolism of lipid and lipoproteins 27 
Transmembrane transport 
of small molecules 
Aquaporin-mediated transport 4 






Table 25. Representative genes, in selected reactome pathway, which are down-regulated in the gills of Protopterus annectens after 6 
days (d; induction phase) of aestivation (fold change ≤ 0.66 (6 d RPKM/FW RPKM) and FDR < 0.05). Genes within each reactome 
pathway are arranged in descending order of fold change and represented together with information of FDR.  





Extracellular matrix organisation matrix metallopeptidase 14 (membrane-inserted) mmp14 0.66 0.014 
 integrin, beta 2 (complement component 3 receptor 3 and 4 
subunit) 
itgb2 0.63 0.027 
 laminin, beta 1 lamb1 0.55 0.027 
 ADAM metallopeptidase with thrombospondin type 1 motif, 1 adamts1 0.53 0.035 
 laminin, alpha 2 lama2 0.51 0.029 
 collagen, type IV, alpha 1 col4a1 0.49 0.011 
 collagen, type V, alpha 1 col5a1 0.48 0.040 
 collagen, type IV, alpha 2 col4a2 0.48 0.014 
 collagen, type VIII, alpha 2 col8a2 0.48 0.044 
 collagen, type VI, alpha 3 col6a3 0.41 0.009 
 matrix metallopeptidase 17 (membrane-inserted) mmp17 0.34 0.011 
 laminin, gamma 3 lamc3 0.33 0.031 
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Table 25 (continued) 





Extracellular matrix organisation collagen, type VI, alpha 1 col6a1 0.29 0.013 
(continued) collagen, type VI, alpha 2 col6a2 0.29 0.010 
 integrin, alpha 5 (fibronectin receptor, alpha polypeptide) itga5 0.29 0.019 
 collagen, type IV, alpha 3 (Goodpasture antigen) col4a3 0.27 0.007 
 heparan sulfate proteoglycan 2 hspg2 0.25 0.009 
 collagen, type VI, alpha 6 col6a6 0.18 0.007 
 collagen, type II, alpha 1 col2a1 0.17 0.039 
 collagen, type XX, alpha 1 col20a1 0.17 0.015 
Metabolism of amino acids and arginase 1 arg1 0.27 0.029 
derivatives glutamic pyruvate transaminase (alanine aminotransferase) 2 gpt2 0.16 0.013 
Aquaporin-mediated transport aquaporin 1 (aquaporin 1aa) aqp1  0.43 0.048 
  (aqp1aa)   
Ion channel transport ATPase, H+ transporting, lysosomal 70kDa, V1 subunit A atp6v1a 0.66 0.033 
 ATPase, H+ transporting, lysosomal 16kDa, V0 subunit c atp6v0c 0.64 0.010 




Table 25 (continued) 





Ion channel transport ATPase, H+ transporting, lysosomal 42kDa, V1 subunit C2 atp6v1c2 0.60 0.047 
(continued) sodium channel, non voltage gated 1 beta subunit scnn1b 0.45 0.016 
 ATPase, Na+/K+ transporting, beta 2 polypeptide atp1b2 0.16 0.041 
SLC-mediated transmembrane transport solute carrier family 12 (sodium/potassium/chloride transporter), 
member 2 
slc12a2 0.45 0.024 
 rh family, B glycoprotein rhbg 0.36 0.007 
 rh family, C glycoprotein rhcg 0.20 0.015 
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6.1.6. Representative reactome pathways with genes that were up-regulated 
after 6 months of aestivation 
Further analysis of the reactome pathways identified four ancestor pathways with 
genes that were up-regulated and encoded proteins that might be driving the 
biological functions in the gills of P. annectens after 6 months of aestivation (Table 
26).  
6.1.6.1. Reactome pathways associated with cell cycle 
Two reactome pathways, including cell cycle checkpoints and nucleosome assembly, 
were significantly enriched (FDR < 0.05). The reactome pathway associated with 
cell cycle revealed that DBF4 zinc finger (dbf4) was up-regulated in the gills of P. 
annectens after 6 months of aestivation (Table 27). 
6.1.6.2. Reactome pathways associated with transcription and translation 
The reactome pathway associated with transcription was significantly enriched 
(FDR < 0.05) and revealed the up-regulation of three genes of RNA polymerase 
(polymerase (RNA) II (DNA directed) polypeptide F (cytosolic), class A member 1, 
polr2f; polymerase (RNA) II (DNA directed) polypeptide I, 14.5kDa, polr2i and 
polymerase (RNA) II (DNA directed) polypeptide L, 7.6kDa, polr2l), four genes of 
general transcription factors (general transcription factor IIF, polypeptide 1, 74kDa, 
gtf2f1; general transcription factor IIF, polypeptide 2, 30kDa, gtf2f2; general 
transcription factor IIH, polypeptide 1, 62kDa, gtf2h1 and general transcription 
factor IIIA, gtf3a), three genes of transcription elongation factors (transcription 
elongation factor A (SII), 1, tcea1; transcription elongation factor B (SIII), 
polypeptide 1, tceb1 and transcription elongation factor B (SIII), polypeptide 3, 
tceb3), cyclin-dependent kinase 9 (cdk9), methyl-CpG binding domain protein 3 
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(mbd3) and GATA zinc finger domain containing 2A (gatad2a) in the gills of P. 
annectens after 6 months of aestivation (Table 27). 
The reactome pathway associated with translation was significantly enriched 
(FDR < 0.05) and indicated up-regulation of 12 genes of eukaryotic translation 
initiation factors (eif1ax, eif2s1, eif2s2, eif3a, eif3c, eif3d, eif3e, eif3f, eif3i, eif3j, 
eif4a1 and eif4ebp1) and three genes of eukaryotic translation elongation factors 
(eef1d, eef1g and eef2) in the gills of P. annectens after 6 months of aestivation 
(Table 27). 
6.1.6.3. Reactome pathway associated with metabolism of amino acids and 
derivatives 
The reactome pathway associated with metabolism of amino acids and derivatives 
revealed up-regulation of some genes encoding proteins involved in polyamine 
metabolism (arginase 2, arg2 and ornithine decarboxylase 1, odc1) in the gills of P. 
annectens after 6 months of aestivation (Table 27). 
6.1.6.4. Reactome pathways associated with SLC-mediated transmembrane 
transport 
The reactome pathway associated with SLC-mediated transmembrane transport 
revealed down-regulation of some genes encoding proteins involved in urea 
transport (solute carrier family 14 (urea transporter), member 2, slc14a2 (ut-a2a)) 
and K+/Cl- transport (solute carrier family 12 (potassium/chloride transporter), 






Table 26. Overview of representative reactome pathways with genes that were 
up-regulated in the gills of Protopterus annectens after 6 months (M; 
maintenance phase) of aestivation as compared to freshwater (FW) fish. Total 
number of contigs, with fold change ≥ 1.5 (6 M RPKM/FW RPKM) and FDR < 0.05 




Reactome pathway Total 
number of 
contigs 
Cell cycle Cell cycle 64 
 Cell cycle checkpoint 26 
 Nucleosome assembly 22 
Gene expression Transcription 40 
 Translation 86 
Metabolism Metabolism of amino acids and 
derivatives 
28 
 Metabolism of carbohydrates 28 
 Metabolism of lipid and lipoproteins 44 
Transmembrane transport 






Table 27. Representative genes, in selected reactome pathway, which are up-regulated in the gills of Protopterus annectens after 6 
months (M; maintenance phase) of aestivation (fold change ≥ 1.5 (6 d RPKM/FW RPKM) and FDR < 0.05). Genes within each reactome 
pathway are arranged in descending order of fold change and represented together with information of FDR.  





Cell cycle DBF4 zinc finger dbf4 3.08 0.004 
Transcription polymerase (RNA) II (DNA directed) polypeptide L, 7.6kDa polr2l 5.66 0.002 
 cyclin-dependent kinase 9 cdk9 3.16 0.005 
 polymerase (RNA) II (DNA directed) polypeptide F polr2f 2.74 0.000 
 general transcription factor IIH, polypeptide 1, 62kDa gtf2h1 2.05 0.002 
 general transcription factor IIF, polypeptide 2, 30kDa gtf2f2 1.84 0.001 
 general transcription factor IIF, polypeptide 1, 74kDa gtf2f1 1.74 0.001 
 general transcription factor IIIA gtf3a 1.72 0.015 
 methyl-CpG binding domain protein 3 mbd3 1.68 0.010 
 GATA zinc finger domain containing 2A gatad2a 1.67 0.002 
 transcription elongation factor B (SIII), polypeptide 1  tceb1 1.64 0.000 
 transcription elongation factor A (SII), 1 tcea1 1.64 0.002 
 transcription elongation factor B (SIII), polypeptide 3  tceb3 1.64 0.015 
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Table 27 (continued) 





Transcription (continued) polymerase (RNA) II (DNA directed) polypeptide I, 14.5kDa polr2i 1.62 0.017 
Translation eukaryotic translation elongation factor 2 eef2 4.84 0.002 
 eukaryotic translation initiation factor 2, subunit 2 beta, 38kDa eif2s2 3.21 0.000 
 eukaryotic translation initiation factor 1A, X-linked eif1ax 2.29 0.002 
 eukaryotic translation initiation factor 3, subunit D eif3d 2.00 0.000 
 eukaryotic translation elongation factor 1 delta (guanine 
nucleotide exchange protein) 
eef1d 1.88 0.001 
 eukaryotic translation initiation factor 3, subunit J eif3j 1.87 0.000 
 eukaryotic translation initiation factor 3, subunit A eif3a 1.86 0.001 
 eukaryotic translation initiation factor 3, subunit E eif3e 1.85 0.001 
 eukaryotic translation initiation factor 3, subunit F eif3f 1.84 0.001 
 eukaryotic translation elongation factor 1 gamma eef1g 1.82 0.000 
 eukaryotic translation initiation factor 4E binding protein 1 eif4ebp1 1.81 0.002 
 eukaryotic translation initiation factor 3, subunit I eif3i 1.75 0.002 
 eukaryotic translation initiation factor 3, subunit C eif3c 1.59 0.003 
 eukaryotic translation initiation factor 4A1 eif4a1 1.57 0.004 
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Table 27 (continued) 





Translation (continued) eukaryotic translation initiation factor 2, subunit 1 alpha, 35kDa eif2s1 1.54 0.001 
Metabolism of amino acids and  arginase 2 arg2 13.29 0.014 
derivatives ornithine decarboxylase 1 odc1 1.86 0.001 
SLC-mediated transmembrane transport solute carrier family 14 (urea transporter), member 2 slc14a2 4.48 0.034 
 solute carrier family 12 (potassium/chloride transporter), member 
6 




6.1.7. Representative reactome pathways with genes that were down-regulated 
after 6 months of aestivation 
Further analysis of the reactome pathways identified seven ancestor pathways with 
genes that were down-regulated and encoded proteins that might be driving the 
biological functions in the gills of P. annectens after 6 months of aestivation (Table 
28). 
6.1.7.1. Reactome pathway associated with cell-cell junction organization 
The reactome pathway associated with cell-cell junction organization was 
significantly enriched (FDR < 0.05) in control fish and indicated that four genes of 
claudin (cldn4, cldn6, cldn7 and cldn10) were down-regulated in the gills of P. 
annectens after 6 months of aestivation (Table 29). 
6.1.7.2. Reactome pathway associated with cell cycle  
The reactome pathway associated with cell cycle indicated that cell division cycle 45 
(cdc45), cell division cycle 7 (cdc7), origin recognition complex, subunit 1 (orc1), 
cyclin E1 (ccne1), cyclin E2 (ccne2), cyclin-dependent kinase 1 (cdk1) and five 
genes of minichromosome maintenance complex (mcm2, mcm3, mcm4, mcm5 and 
mcm6) were down-regulated in the gills of P. annectens after 6 months of 
aestivation (Table 29). 
6.1.7.3. Reactome pathways associated with extracellular matrix organization 
The reactome pathway associated with laminin interaction was significantly 
enriched (FDR < 0.05) in control fish. The reactome pathway associated with 
extracellular matrix organization indicated that the genes encoding adamalysin 
metalloproteinase (adam9, adam17, adamts1 and adamts4), collagen (col1a1, 
col4a2, col4a3, col5a1, col6a1, col6a2, col6a3, col6a6, col11a1 and col14a1), 
heparan sulfate proteoglycan (hspg2), integrin (itga5, itga7, itgav, itgb1, itgb4 and 
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itgb6), laminin (lama2, lama5, lamb1, lamc2 and lamc3) and matrix 
metalloproteinase (mmp2 and mmp17) were down-regulated in the gills of P. 
annectens after 6 months of aestivation (Table 29). 
6.1.7.4. Reactome pathway associated with metabolism of amino acids and 
derivatives 
The reactome pathway associated with metabolism of amino acids and derivatives 
revealed down-regulation of some genes encoding proteins involved in 
phenylalanine metabolism (glutamic-oxaloacetic transaminase 1, soluble; got1 and 
glutamic-oxaloacetic transaminase 2, mitochondrial, got2), polyamine metabolism 
(ornithine decarboxylase antizyme 1, oaz1 and ornithine decarboxylase antizyme 2, 
oaz2), tryptophan catabolism (cysteine conjugate-beta lyase 2, ccbl2), urea cycle 
and/or arginine metabolism (arg1), glutamine catabolism (glutaminase, gls) and 
transamination between alanine and 2-oxoglutarate to form pyruvate and glutamate 
(gpt2) in the gills of P. annectens after 6 months of aestivation (Table 29). 
6.1.7.5. Reactome pathways associated with programmed cell death 
The reactome pathway associated with apoptosis revealed down-regulation of some 
genes encoding proteins involved in extrinsic pathway of apoptosis (caspase 8, 
apoptosis-related cysteine peptidase, casp8 and tumor necrosis factor (ligand) 
superfamily, member 10, tnfsf10), intrinsic pathway of apoptosis (cytochrome c, 
somatic, cycs) and apoptotic execution phase (DNA fragmentation factor, 40kDa, 
beta polypeptide (caspase-activated DNase), dffb; caspase 6, apoptosis-related 
cysteine peptidase, casp6; desmoplakin, dsp; microtubule-associated protein tau, 
mapt; desmoglein 2, dsg2 and caspase 3, apoptosis-related cysteine peptidase, casp3) 
in the gills of P. annectens after 6 months of aestivation (Table 29). 
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6.1.7.6. Reactome pathways associated with PI3K cascade 
The reactome pathway associated with PI3K cascade revealed down-regulation of v-
akt murine thymoma viral oncogene homolog 1 (akt1) and v-akt murine thymoma 
viral oncogene homolog 2 (akt2) in the gills of P. annectens after 6 months of 
aestivation (Table 29). 
6.1.7.7. Reactome pathways associated with transmembrane transport of small 
molecules 
The reactome pathway associated with ABC-family proteins mediated transport 
revealed that cystic fibrosis transmembrane conductance regulator (ATP-binding 
cassette sub-family C, member 7) (cftr) was significantly down-regulated in the gills 
of P. annectens after 6 months of aestivation (Table 29). 
The reactome pathway associated with aquaporin-mediated transport 
revealed down-regulation of aqp1aa and aquaporin 3a (aqp3a) in the gills of P. 
annectens after 6 months of aestivation (Table 29). 
The reactome pathway associated with ion channel transport was 
significantly enriched (FDR < 0.05) in control fish and revealed down-regulation of 
some genes encoding proteins involved in Na+/K+ transport (ATPase, Na+/K+ 
transporting, alpha 3 polypeptide, atp1a3; ATPase, Na+/K+ transporting, alpha 1 
polypeptide; atp1a1 and atp1b2), H+ transport (atp6v0a2; ATPase, H+ transporting, 
lysosomal 56/58kDa, V1 subunit B2, atp6v1b2; atp6v1a and ATPase, H+ 
transporting, lysosomal V0 subunit a4; atp6v0a4), H+/K+ transport (ATPase, H+/K+ 
transporting, nongastric, alpha polypeptide, atp12a) and Na+ transport (sodium 
channel, non voltage gated 1 alpha subunit, scnn1a and scnn1b) in the gills of P. 
annectens after 6 months of aestivation (Table 29). 
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The reactome pathway associated with SLC-mediated transmembrane 
transport revealed down-regulation of some genes encoding proteins involved in 
Na+/H+ exchange (solute carrier family 9, subfamily A (Nhe1, cation proton 
antiporter 1), member 1, slc9a1), Na+/K+/Cl- transport (slc12a2) and ammonia 





Table 28. Overview of representative reactome pathways with genes that were 
down-regulated in the gills of Protopterus annectens after 6 months (M; 
maintenance phase) of aestivation as compared to freshwater (FW) fish. Total 
number of contigs, with fold change ≤ 0.66 (6 d RPKM/FW RPKM) and FDR < 
0.05 when compared to FW fish, is given for each reactome pathway within the 
ancestor reactome pathway. 
Ancestor reactome 
pathway 
Reactome pathway Total 
number of 
contigs 
Cell-cell communication Cell-cell junction organization 4 
Cell cycle Cell cycle 76 
 Cell cycle checkpoint 20 
 Nucleosome assembly 14 
Extracellular matrix 
organization 
Extracellular matrix organization 28 
Laminin interactions 5 
Metabolism Metabolism of amino acids and 
derivatives 
19 
Metabolism of carbohydrates 56 
Metabolism of lipid and lipoproteins 137 
Programmed cell death Apoptosis 28 
Signal transduction PI3K cascade 12 
Transmembrane transport 
of small molecules 
ABC-family proteins mediated 
transport 
8 
Aquaporin-mediated transport 12 






Table 29. Representative genes, in selected reactome pathway, which are down-regulated in the gills of Protopterus annectens after 6 
months (M; maintenance phase) of aestivation (fold change ≤ 0.66 (6 d RPKM/FW RPKM) and FDR < 0.05). Genes within each reactome 
pathway are arranged in descending order of fold change and represented together with information of FDR.  





Cell-cell junction organization claudin 4 cldn4 0.36 0.001 
 claudin 6 cldn6 0.25 0.002 
 claudin 7 cldn7 0.20 0.001 
 claudin 10 cldn10 0.08 0.001 
Cell cycle cell division cycle 45 cdc45 0.58 0.038 
 cell division cycle 7 cdc7 0.57 0.012 
 origin recognition complex, subunit 1 orc1 0.48 0.042 
 minichromosome maintenance complex component 5 mcm5 0.43 0.030 
 cyclin E1 ccne1 0.34 0.003 
 minichromosome maintenance complex component 4 mcm4 0.22 0.004 
 cyclin E2 ccne2 0.19 0.006 
 minichromosome maintenance complex component 3 mcm3 0.18 0.002 
 minichromosome maintenance complex component 6 mcm6 0.15 0.005 
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Table 29 (continued) 





Cell cycle checkpoints minichromosome maintenance complex component 2 mcm2 0.12 0.003 
 cyclin-dependent kinase 1 cdk1 0.09 0.001 
Extracellular matrix organization integrin, beta 1 (fibronectin receptor, beta polypeptide, antigen 
CD29 includes MDF2, MSK12) 
itgb1 0.66 0.012 
 laminin, alpha 5 lama5 0.60 0.028 
 integrin, alpha 7 itga7 0.60 0.018 
 collagen, type XI, alpha 1 col11a1 0.59 0.032 
 collagen, type I, alpha 1 col1a1 0.58 0.010 
 laminin, gamma 2 lamc2 0.56 0.022 
 ADAM metallopeptidase domain 9 adam9 0.53 0.013 
 laminin, beta 1 lamb1 0.53 0.002 
 collagen, type V, alpha 1 col5a1 0.50 0.017 
 collagen, type IV, alpha 2 col4a2 0.47 0.038 
 integrin, beta 6 itgb6 0.46 0.008 
 integrin, alpha V itgav 0.44 0.002 
 laminin, alpha 2 lama2 0.44 0.008 
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Table 29 (continued) 





Extracellular matrix organisation ADAM metallopeptidase domain 17 adam17 0.40 0.003 
(continued) ADAM metallopeptidase with thrombospondin type 1 motif, 1 adamts1 0.35 0.004 
 collagen, type XIV, alpha 1 col14a1 0.35 0.017 
 collagen, type VI, alpha 2 col6a2 0.33 0.002 
 collagen, type VI, alpha 3 col6a3 0.31 0.003 
 collagen, type IV, alpha 3 (Goodpasture antigen) col4a3 0.29 0.002 
 heparan sulfate proteoglycan 2 hspg2 0.29 0.001 
 matrix metallopeptidase 2 mmp2 0.27 0.036 
 laminin, gamma 3 lamc3 0.26 0.001 
 matrix metallopeptidase 17 (membrane-inserted) mmp17 0.23 0.001 
 collagen, type VI, alpha 1 col6a1 0.23 0.001 
 ADAM metallopeptidase with thrombospondin type 1 motif, 4 adamts4 0.19 0.001 
 integrin, alpha 5 (fibronectin receptor, alpha polypeptide) itga5 0.12 0.001 
 collagen, type VI, alpha 6 col6a6 0.08 0.002 
Metabolism of amino acids and glutamic-oxaloacetic transaminase 2, mitochondrial got2 0.64 0.006 
derivatives ornithine decarboxylase antizyme 1 oaz1 0.53 0.001 
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Table 29 (continued) 





Metabolism of amino acids and cysteine conjugate-beta lyase 2 ccbl2 0.51 0.001 
Derivatives (continued) ornithine decarboxylase antizyme 2 oaz2 0.49 0.001 
 glutamic-oxaloacetic transaminase 1, soluble got1 0.43 0.001 
 arginase 1 arg1 0.21 0.003 
 glutaminase gls 0.16 0.002 
 glutamic pyruvate transaminase (alanine aminotransferase) 2 gpt2 0.08 0.001 
Apoptosis DNA fragmentation factor, 40kDa, beta polypeptide (caspase-
activated DNase) 
dffb 0.56 0.039 
 caspase 8, apoptosis-related cysteine peptidase casp8 0.53 0.013 
 cytochrome c, somatic cycs 0.51 0.015 
 caspase 6, apoptosis-related cysteine peptidase casp6 0.51 0.012 
 desmoplakin dsp 0.49 0.001 
 microtubule-associated protein tau mapt 0.45 0.038 
 desmoglein 2 dsg2 0.43 0.002 
 death-associated protein kinase 2 dapk2 0.40 0.003 
 caspase 3, apoptosis-related cysteine peptidase casp3 0.38 0.001 
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PI3K cascade  v-akt murine thymoma viral oncogene homolog 2 akt2 0.58 0.012 
 v-akt murine thymoma viral oncogene homolog 1 akt1 0.44 0.001 
ABC-family proteins mediated transport cystic fibrosis transmembrane conductance regulator (ATP-
binding cassette sub-family C, member 7) 
cftr 0.41 0.013 
Aquaporin-mediated transport aquaporin 3 (aquaporin 3a) aqp3 
(aqp3a) 
0.54 0.012 
 aquaporin 1 (aquaporin 1aa) aqp1 
(aqp1aa) 
0.11 0.003 
Ion channel transport ATPase, Na+/K+ transporting, alpha 3 polypeptide atp1a3 0.61 0.025 
 ATPase, Na+/K+ transporting, alpha 1 polypeptide atp1a1 0.43 0.001 
 ATPase, H+ transporting, lysosomal V0 subunit a2 atp6v0a2 0.42 0.001 
 ATPase, H+ transporting, lysosomal 56/58kDa, V1 subunit B2 atp6v1b2 0.41 0.004 
 ATPase, H+/K+ transporting, nongastric, alpha polypeptide atp12a 0.39 0.014 
 ATPase, H+ transporting, lysosomal 70kDa, V1 subunit A atp6v1a 0.38 0.001 
 sodium channel, non voltage gated 1 beta subunit scnn1b 0.33 0.001 
 sodium channel, non voltage gated 1 alpha subunit scnn1a 0.31 0.002 
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Ion channel transport (continued) ATPase, H+ transporting, lysosomal V0 subunit a4 atp6v0a4 0.28 0.012 
 ATPase, Na+/K+ transporting, beta 2 polypeptide atp1b2 0.02 0.002 
SLC-mediated transmembrane transport solute carrier family 9, subfamily A (NHE1, cation proton 
antiporter 1), member 1 
slc9a1 0.42 0.006 
 solute carrier family 12 (sodium/potassium/chloride transporter), 
member 2 
slc12a2 0.38 0.001 
 rh family, B glycoprotein rhbg 0.32 0.002 
 rh family, C glycoprotein rhcg 0.07 0.001 
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6.1.8. Representative reactome pathways with genes that were up-regulated 
after 1 day of arousal from 6 months of aestivation 
Further analysis of the reactome pathways identified seven ancestor pathways with 
genes that were up-regulated and encoded proteins that might be driving the 
biological functions in the gills of P. annectens after 1 day of arousal from 6 months 
of aestivation (Table 30). 
6.1.8.1. Reactome pathway associated with cell-cell junction organization 
The reactome pathway associated with cell-cell junction organization revealed that 
cldn4 and cldn6 were up-regulated in the gills of P. annectens after 1 day of arousal 
from 6 months of aestivation (Table 31). 
6.1.8.2. Reactome pathways associated with cell cycle 
Five reactome pathways, including cell cycle, cell cycle checkpoints, cell cycle 
(mitotic), meiosis and nucleosome assembly, were significantly enriched (FDR < 
0.05). The reactome pathway associated with cell cycle revealed that v-myc avian 
myelocytomatosis viral oncogene homolog (myc), orc1, mediator of DNA-damage 
checkpoint 1 (mdc1), cdc7, cyclin D1 (ccnd1), origin recognition complex, subunit 4 
(orc4) and replication factor C (activator 1) 2, 40kDa (rfc2) were up-regulated in 
the gills of P. annectens after 1 day of arousal from 6 months of aestivation (Table 
31). 
6.1.8.3. Reactome pathway associated with extracellular matrix organization 
The reactome pathway associated with extracellular matrix organization revealed 
that col2a1, col4a2 and adamts1 were up-regulated in the gills of P. annectens after 
1 day of arousal from 6 months of aestivation (Table 31). 
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6.1.8.4. Reactome pathways associated with transcription and translation 
The reactome pathway associated with transcription was significantly enriched 
(FDR < 0.05) and revealed up-regulation of polr2l, gtf2h1, general transcription 
factor IIB (gtf2b), p general transcription factor IIH, polypeptide 3, 34kDa (gtf2h3), 
polr2f and polr2i in the gills of P. annectens after 1 day of arousal from 6 months of 
aestivation (Table 31). 
The reactome pathway associated with translation was significantly enriched 
(FDR < 0.05) and indicated up-regulation of four genes of eukaryotic translation 
initiation factor (eif1ax, eif2s2, eif4e and eif5) in the gills of P. annectens after 1 day 
of arousal from 6 months of aestivation (Table 31). 
6.1.8.5. Reactome pathways associated with metabolism of amino acids and 
derivatives 
The reactome pathway associated with metabolism of amino acids and derivatives 
revealed up-regulation of some genes encoding proteins involved in serotonin and 
melatonin metabolism (acetylserotonin O-methyltransferase, asmt and 5-
methyltetrahydrofolate-homocysteine methyltransferase reductase, mtrr), urea cycle 
(otc), polyamine metabolism (spermine oxidase, smox) and glutamate metabolism 
(glud1) in the gills of P. annectens after 1 day of arousal from 6 months of 
aestivation (Table 31). 
6.1.8.6. Reactome pathways associated with programmed cell death 
The reactome pathway associated with intrinsic pathway of apoptosis were 
significantly enriched (FDR < 0.05). The reactome pathway associated with 
apoptosis revealed up-regulation of some genes encoding proteins involved in the 
inhibition of apoptosis (BCL2-like 1, bcl2l1), and apoptotic execution phase (cdh1) 
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in the gills of P. annectens after 1 day of arousal from 6 months of aestivation 
(Table 31). 
6.1.8.7. Reactome pathway associated with PI3K cascade 
The reactome pathway associated with PI3K cascade revealed up-regulation of akt2 
in the gills of P. annectens after 1 day of arousal from 6 months of aestivation 
(Table 31). 
6.1.8.8. Reactome pathways associated with transmembrane transport of small 
molecules  
The reactome pathway associated with ion channel transport revealed that atp6v0a2 
was up-regulated in the gills of P. annectens after 1 day of arousal from 6 months of 
aestivation (Table 31). 
The reactome pathway associated with SLC-mediated transmembrane 
transport revealed that ut-a2a was significantly up-regulated in the gills of P. 




Table 30. Overview of representative reactome pathways with genes that were 
up-regulated in the gills of Protopterus annectens after 1 day of arousal from 6 
months of aestivation as compared to freshwater (FW) fish. Total number of 
contigs, with fold change ≥ 1.5 (6 M RPKM/FW RPKM) and FDR < 0.05 when 




Reactome pathway Total 
number of 
contigs 
Cell-cell communication Cell-cell junction organization 2 
Cell cycle Cell cycle 46 
 Cell cycle checkpoints  13 
 Cell cycle (mitotic) 39 
 Meiosis 2 
 Nucleosome assembly 4 
Extracellular matrix 
organization 
Extracellular matrix organization 9 
Gene expression Transcription 31 
 Translation 30 
Metabolism Metabolism of amino acids and 
derivatives 
11 
Metabolism of carbohydrates 17 
Metabolism of lipid and lipoproteins 31 
Programmed cell death Apoptosis 12 
 Intrinsic pathway of apoptosis 12 
Signal transduction PI3K cascade 5 
Transmembrane transport 
of small molecules 






Table 31. Representative genes, in selected reactome pathway, which are up-regulated in the gills of Protopterus annectens after 1 day of 
arousal from 6 months of aestivation (fold change ≥ 1.5 (6 d RPKM/FW RPKM) and FDR < 0.05). Genes within each reactome pathway 
are arranged in descending order of fold change and represented together with information of FDR.  





Cell-cell junction organization claudin 4 cldn4 5.41 0.008 
 claudin 6 cldn6 1.91 0.037 
Cell cycle v-myc avian myelocytomatosis viral oncogene homolog myc 2.70 0.007 
 origin recognition complex, subunit 1 orc1 3.19 0.004 
 mediator of DNA-damage checkpoint 1 mdc1 2.86 0.037 
 cell division cycle 7 cdc7 2.16 0.008 
 cyclin D1 ccnd1 1.91 0.043 
 origin recognition complex, subunit 4 orc4 1.71 0.035 
 replication factor C (activator 1) 2, 40kDa rfc2 1.60 0.014 
Extracellular matrix organization collagen, type II, alpha 1 col2a1 4.54 0.045 
 ADAM metallopeptidase with thrombospondin type 1 motif, 1 adamts1 1.89 0.035 
 collagen, type IV, alpha 2 col4a2 1.62 0.045 
Transcription polymerase (RNA) II (DNA directed) polypeptide L, 7.6kDa polr2l 8.08 0.030 
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Transcription (continued) general transcription factor IIH, polypeptide 1, 62kDa gtf2h1 2.07 0.003 
 general transcription factor IIB gtf2b 1.86 0.009 
 general transcription factor IIH, polypeptide 3, 34kDa gtf2h3 1.82 0.005 
 polymerase (RNA) II (DNA directed) polypeptide F polr2f 1.79 0.025 
 polymerase (RNA) II (DNA directed) polypeptide I, 14.5kDa polr2i 1.56 0.013 
Translation eukaryotic translation initiation factor 2, subunit 2 beta, 38kDa eif2s2 3.07 0.003 
 eukaryotic translation initiation factor 5 eif5 2.18 0.004 
 eukaryotic translation initiation factor 4E eif4e 2.03 0.003 
 eukaryotic translation initiation factor 1A, X-linked eif1ax 1.67 0.024 
Metabolism of amino acids and  acetylserotonin O-methyltransferase asmt 12.43 0.049 
derivatives ornithine carbamoyltransferase otc 5.20 0.018 
 5-methyltetrahydrofolate-homocysteine methyltransferase 
reductase 
mtrr 2.53 0.023 
 spermine oxidase smox 2.40 0.017 




Table 31 (continued) 





Apoptosis BCL2-like 1 bcl2l1 2.02 0.018 
 cadherin 1, type 1, E-cadherin (epithelial) cdh1 1.76 0.003 
PI3K cascade v-akt murine thymoma viral oncogene homolog 2 akt2 1.51 0.032 
Ion channel transport ATPase, H+ transporting, lysosomal V0 subunit a2 atp6v0a2 1.55 0.021 





6.1.9. Representative reactome pathways with genes that were down-regulated 
after 1 day of arousal from 6 months of aestivation 
Further analysis of the reactome pathways identified three ancestor pathways with 
genes that were down-regulated and encoded proteins that might drive the biological 
functions in the gills of P. annectens after 1 day of arousal from 6 months of 
aestivation (Table 32).  
6.1.9.1. Reactome pathway associated apoptosis 
The reactome pathway associated with apoptosis revealed B-cell CLL/lymphoma 2 
(bcl2) was down-regulated in the gills of P. annectens after 1 day of arousal from 6 
months of aestivation (Table 33). 
6.1.9.2. Reactome pathways associated transmembrane transport of small 
molecules 
The reactome pathway associated with ABC-family proteins mediated transport 
revealed that cftr was significantly down-regulated in the gills of P. annectens after 
1 day of arousal from 6 months of aestivation (Table 33). 
The reactome pathway associated with aquaporin-mediated transport 
revealed that aqp1aa was down-regulated in the gills of P. annectens after 1 day of 
arousal from 6 months of aestivation (Table 33). 
The reactome pathway associated with ion channel transport was 
significantly enriched (FDR < 0.05) in control fish and revealed down-regulation of 
some genes encoding proteins involved in H+ transport (ATPase, H+ transporting, 
lysosomal 50/57kDa, V1 subunit H, atp6v1h; ATPase, H+ transporting, lysosomal 
38kDa, V0 subunit d1, atp6v0d1 and atp6v0a4), Na+ transport (sodium channel, non 
voltage gated 1 gamma subunit, scnn1g and scnn1b), Na+/K+ transport (atp1a1) and 
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H+/K+ transport (atp12a) in the gills of P. annectens after 1 day of arousal from 6 
months of aestivation (Table 33).  
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Table 32. Overview of representative reactome pathways with genes that were 
down-regulated in the gills of Protopterus annectens after 1 day of arousal from 
6 months of aestivation as compared to freshwater (FW) fish. Total number of 
contigs, with fold change ≤ 0.66 (6 d RPKM/FW RPKM) and FDR < 0.05 when 




Reactome pathway Total 
number of 
contigs 
Metabolism Metabolism of amino acids and 
derivatives 
6 
Metabolism of carbohydrates 21 
Metabolism of lipid and lipoproteins 73 
Programmed cell death Apoptosis 12 
Transmembrane transport 
of small molecules 
ABC-family proteins mediated 
transport 
6 
Aquaporin-mediated transport 6 






Table 33. Representative genes, in selected reactome pathway, which are down-regulated in the gills of Protopterus annectens after 1 day 
of arousal from 6 months of aestivation (fold change ≤ 0.66 (6 d RPKM/FW RPKM) and FDR < 0.05). Genes within each reactome 
pathway are arranged in descending order of fold change and represented together with information of FDR.  





Apoptosis B-cell CLL/lymphoma 2 bcl2 0.61 0.037 
ABC-family proteins mediated transport cystic fibrosis transmembrane conductance regulator (ATP-
binding cassette sub-family C, member 7) 
cftr 0.43 0.009 
Aquaporin-mediated transport aquaporin 1 (aquaporin 1aa) aqp1 
(aqp1aa) 
0.34 0.008 
Ion channel transport (continued) ATPase, H+ transporting, lysosomal 50/57kDa, V1 subunit H atp6v1h 0.60 0.035 
 ATPase, H+ transporting, lysosomal 38kDa, V0 subunit d1 atp6v0d1 0.60 0.007 
 sodium channel, non voltage gated 1 gamma subunit scnn1g 0.59 0.016 
 ATPase, H+ transporting, lysosomal V0 subunit a4 atp6v0a4 0.58 0.008 
 ATPase, Na+/K+ transporting, alpha 1 polypeptide atp1a1 0.48 0.024 
 ATPase, H+/K+ transporting, nongastric, alpha polypeptide atp12a 0.33 0.016 




6.2.1. Differential transcriptome analysis in the gills of P. annectens during 
the three phases of aestivation 
Results from this study indicated that the changes in the mRNA expression levels 
of the isoforms of aqp, rhgp and ut might not correspond to the changes in their 
respective protein abundance in the gills of P. annectens during the three phases 
of aestivation. Furthermore, many molecular changes that occurred in the gills of 
P. annectens remain elusive at present. Therefore, efforts were made to conduct 
differential transcriptomic analysis on the gills of P. annectens during the three 
phases of aestivation by NGS, in the hope to identify genes/gene clusters that 
confer upon P. annectens to meet the challenges during the three phases of 
aestivation. Several reactome pathways with diverse functions were identified for 
the first time from the differential transcriptome analysis of the gills of P. 
annectens during the three phases of aestivation as compared to the freshwater 
control. More importantly, there was a complex interplay between up-regulation 
and down-regulation of several genes/gene clusters to meet the challenges during 
the three phases of aestivation, which supports the proposition that aestivation 
cannot be associated simply with a general depression of metabolism (Ip and 
Chew, 2010a). Since NGS is a high throughput sequencing technology capable of 
producing huge volumes of information, the subsequent discussion will focus only 
on selected genes/gene clusters that are important in the gills during the three 
phases of aestivation. 
6.2.1.1. The induction phase 
The gill filaments of P. annectens in fresh water are short, and the pavement cells 
are extremely large (30-40 pm; Sturla et al., 2001). The ionocytes are distributed 
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in the primary and secondary epithelium. They can be morphologically separated 
into two types, elongated or oval, which are similar to the α- and β- chloride cells 
(ionocytes) of freshwater teleosts (Sturla et al., 2001). During the induction phase, 
structural changes occur and the branchial epithelium is reduced with the 
ionocytes almost completely covered by pavement cells (Sturla et al., 2001). 
Furthermore, the external surface of the gills is covered with a thick layer of 
mucus (Sturla et al., 2001). Structural modifications and mucus secretion during 
the induction phase (6‒8 days) is needed to prepare the aestivating lungfish to 
survive the maintenance phase of aestivation (which can last up to 4 years), and 
they necessitate the proper coordination of cellular pathways. Essentially, 
structural modifications with changes at the molecular level are needed to shut off 
the gill functions, and the mucus is needed to form the cocoon to protect the 
branchial epithelium and to separate it physically from the external environment.  
6.2.1.1.1. Mucus production could be facilitated by increased amino acid 
metabolism 
The gills of aestivating P. annectens could be involved in mucus secretion and 
cocoon formation during the induction phase. While the composition of the mucus 
is uncertain at present, it generally comprises glycoproteins secreted by goblet 
cells (Shephard, 1994; Thornton and Sheehan, 2004; Valdenegro-Vega et al., 
2014). Thus, there could be an increase in the synthesis of certain proteins for 
increased mucus production during the induction phase. Indeed, based on the 
differential gill transcriptome analysis, amino acid metabolism was activated in 
the gills of P. annectens during the induction phase. ASL catalyzes the hydrolysis 
of argininosuccinate to fumarate and arginine (Yu and Howell, 2000), while 
ARG1 catalyzes the hydrolysis of arginine to form urea and ornithine (Sin et al., 
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2015). Increased ASL and decreased ARG1 activities could result in increased 
arginine availability (Morris, 2006), of which arginine is needed for protein 
synthesis, and the production of nitric oxide, creatine, polyamines, proline, 
glutamate and agmatine (Mori and Gotoh 2004). AASS is a bifunctional enzyme 
that catalyzes the first two step of lysine catabolism, resulting in the production of 
glutamate and α-aminoadipic semialdehyde (Praphanphoj et al., 2001). GPT2 
catalyzes the reversible transamination between alanine and 2-oxoglutarate to 
generate pyruvate and glutamate, and plays a key role in the intermediary 
metabolism of glucose and amino acids (Celis et al., 2015). Therefore, the up-
regulation of asl and aass and the down-regulation of arg1 and gpt2 could 
indicate increased amino acid metabolism, which could be important in providing 
metabolites for mucus production in the gills of P. annectens during the induction 
phase of aestivation. Furthermore, increased amino acid metabolism could result 
in increases in protein turnover, thereby facilitating the reconstruction of protein 
structures in branchial cells during the induction phase. 
6.2.1.1.2. Branchial structural modifications could be facilitated by increases 
in cell cycle and proliferation 
In order to undergo structural modifications in the gills, it is important for the 
aestivating lungfish to generate new branchial cells that can survive the 
maintenance phase of aestivation. Indeed, cell proliferation is one of the main 
processes involved in the morphological remodeling in the gills of Carassius 
carassius and C. auratus during exposure to normoxia and hypoxia (Sollid et al., 
2003) and acclimation in low and high temperatures (Sollid et al., 2005; Sollid 
and Nilsson, 2006, Smith et al., 2012). The same applies to Arapaima gigas 
during the transition from the water-breathing to air-breathing modes of 
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respiration as the fish grows (Ramos et al., 2013). During the induction phase, two 
reactome pathways, including cell cycle and cell cycle checkpoints, were 
activated in the gills of P. annectens. This suggests that the branchial cells are 
undergoing cell divisions, of which the process is carefully regulated at various 
cell cycle checkpoints during the induction phase. Cdc14 is the major phosphatase 
that counteracts Cdk1 activity after the metaphase-anaphase transition (Visintin et 
al., 1998). It has been linked to DNA damage checkpoint control, DNA repair, 
centrosome maturation and separation, cytokinesis control and cell migration and 
adhesion (Mailand et al., 2002; Bassermann et al., 2008; Mocciaro et al., 2010; 
Mocciaro and Schiebel, 2010; Wei et al., 2011; Chen et al., 2016). Cdc26 is 
involved in stabilizing the anaphase-promoting complex/cyclosome which 
controls mitosis by catalyzing ubiquitination of key cell cycle regulatory proteins 
(Wang et al., 2009; Yamaguchi et al., 2015). Disrupting the function of Cdc26 
could lead to temperature-sensitive cell cycle arrest in budding yeast and meiotic 
and/or mitotic defects upon mutation (Araki et al., 1992; Zachariae et al., 1996). 
Therefore, the up-regulation of cdc14a and cdc26 could allow proper transition 
between the metaphase and anaphase, which is important in facilitating cell 
divisions in the gills during the induction phase. This could result in the 
generation of new branchial cells for structural modifications and/or prepare the 
aestivating lungfish for the maintenance phase. 
6.2.1.1.3. Branchial structural modifications and cell differentiation 
Apoptosis is a naturally occurring physiological process of programmed cell death 
during the normal developmental and tissue differentiation processes (Jones, 2001) 
and is regulated by two main apoptotic pathways: (1) the extrinsic/death receptor 
pathway and (2) the intrinsic/mitochondrial pathway, which are orchestrated by 
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caspases (Elmore, 2007). The extrinsic and intrinsic pathways will subsequently 
end at the executioner phase (Elmore, 2007). During the induction phase, two 
reactome pathways, including apoptosis and regulation of apoptosis, were 
activated in the gills of P. annectens. However, a close examination of genes 
within the two reactome pathways revealed the up-regulation of genes, including 
cdh1, pkp1 and ocln, which are associated with the executioner phase of apoptosis. 
Cdh1, Pkp1 and Ocln are downstream effectors of apoptosis, and can be involved 
in other roles such as cell-cell communication and regulating cell differentiation 
and proliferation (Balda and Matter, 2009). Cdh1 is a key component for 
adherence junctions between epithelial cells (Shiozaki et al., 1996) and is required 
for apoptotic extrusion, a process critical for the preservation of tissue integrity 
and barrier function (Madara, 1990; Rosenblatt et al., 2001; Lubkov and Bar-Sagi, 
2014). Pkp1 participates in linking cadherins to intermediate filaments in the 
cytoskeleton apoptosis, increasing intercellular adhesion by recruiting 
desmosomal proteins to the plasma membrane and stimulating proliferation by 
enhancing translation rates (Wolf et al., 2013). Ocln is a transmembrane tight 
junction protein that contributes significantly to tight junction barrier function 
(Feldman et al., 2005; Chasiotis and Kelly, 2010). Furthermore, Cdh1 (Wu et al., 
1999; Balda and Matter, 2009), Pkp1 (Breuninger et al., 2010) and Ocln (Kimura 
et al., 1997; Martin et al., 2010) are known to be up-regulated during conditions 
that induce cell differentiation. Therefore, it would appear that the up-regulation 
of cdh1, pkp1 and ocln are involved in cell differentiation, rather than apoptosis, 
which may account for the replacement of ionocytes with pavement cells (Sturla 




6.2.1.1.4. Branchial structural modifications could be facilitated by 
suppression of extracellular matrix organization 
The extracellular matrix provides a structural framework for cells and is 
constantly participating in dynamic extracellular matrix degradation and 
reconstruction to promote cellular proliferation, migration, homeostasis and 
differentiation (Pedersen et al., 2015; Swinehart and Badylak, 2016). During the 
induction phase, seven reactome pathways, including assembly of collagen fibrils 
and other multimeric structures, elastic fibre formation, extracellular matrix 
proteoglycans, extracellular matrix organization, integrin cell surface interactions, 
laminin interactions and non-integrin membrane-extracellular matrix interactions, 
were suppressed in the gills of P. annectens. This suggests that suppression in the 
degradation and reconstruction of the extracellular matrix components could 
occur in the gills of P. annectens during the induction phase, which may play a 
role in structural modifications during this period. 
Matrix metalloproteinase and adamalysin metalloproteinase are involved 
in the degradation of the extracellular matrix components (Birkedal-Hansen et al., 
1993; Tang, 2001; Page-McCaw et al., 2007; Pederson et al., 2015). Therefore, 
the down-regulation in the genes encoding for matrix metalloproteinase (mmp14 
and mmp17) and adamalysin metalloproteinase (adamts1) suggest decreased 
degradation of the extracellular matrix components in the gills of P. annectens 
during the induction phase. Collagens, laminins, integrins and heparan sulfate 
proteoglycans are components of the extracellular matrix, and they are essential to 
the maintenance of the structural integrity of gill lamellae (Kudo et al., 2007; Kato 
et al., 2007). In fish gills, collagen columns help to maintain the flatness and 
width of gill lamella (Kudo et al., 2007). Column junctions are formed at the 
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interface between pillar cells and collagen columns and are composed of 
molecules of the integrin-mediated cell-matrix adhesion, which includes integrins, 
fibronectin and laminins at the extracellular matrix and talin, vinculin, and 
paxillin beneath the plasma membrane (Kato et al., 2007). The column junctions 
are involved in maintaining structural integrity and the hemodynamics of the gill 
lamella (Kato et al., 2007). Furthermore, heparan sulfate proteoglycans play 
several roles in cell adhesion and in the determination of cell shape (Bernfield et 
al., 1999; Sarrasin et al., 2011). Therefore, the down-regulation in the genes 
encoding for collagen (col2a1, col4a1, col4a2, col4a3, col5a1, col6a1, col6a2, 
col6a3, col6a6, col8a2 and col20a1), laminin (lama2, lamb1 and lamc3), integrin 
(itga5 and itgb2) and heparan sulfate proteoglycan (hspg2) could lead to 
decreased production of extracellular matrix components in the gills of P. 
annectens during the induction phase. If indeed the decreases in the mRNA 
expression led to decreases in the respective protein abundance of extracellular 
matrix components, the normal structural integrity of the gill lamella could be 
altered. This could lead to structural modifications and the switching off of 
physiological functions in the gills during the induction phase. 
6.2.1.1.5. Increased glucose transport and the relationship with the 
suppression of branchial metabolic activities 
Energy and metabolites are needed for structural modifications in the gills of P. 
annectens during the induction phase. Besides increased amino acid metabolism 
(see section 6.2.1.1.1 for a more detailed discussion), the metabolism of 
carbohydrates, lipid and lipoproteins were not activated in the gills of P. 
annectens during the induction phase. In fact, most of the genes associated with 
the metabolism of carbohydrates, lipid and lipoproteins were down-regulated in 
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the gills of P. annectens during this period. This could indicate suppression of 
carbohydrates, lipid and lipoproteins metabolism. Hence, the gills may depend on 
glucose supplied through the blood to support the metabolic needs for structural 
modifications. Indeed, there was up-regulation of slc5a1, which encodes for 
Na+/glucose cotransporter 1 (Sglt1), in the gills of P. annectens during the 
induction phase. SGLT1 is a secondary active, Na+-coupled, glucose transporter 
that mediates almost all Na+-dependent glucose uptake in the small intestine of 
mammals (Poulsen et al., 2015). While the role of Sglt1 remains unclear in the 
gills of fishes, the up-regulation of slc5a1 could probably lead to increased 
glucose transport in the gills, thereby supplying glucose for structural 
modifications in the gills of P. annectens during the induction phase. 
6.2.1.1.6. Preparation to switch off branchial osmoregulatory function 
During the induction phase, the protein abundance of Aqp1aa in the gills of P. 
annectens was comparable to those of control fish. By maintaining the protein 
abundances of Aqp1aa in the gills of P. annectens as compared to control fish, 
Aqp1aa can facilitate transepithelial water transport and be involved in mucus 
secretion and cocoon formation in the gills of P. annectens, whereby the mucus 
layer can protect the gills from evaporative water loss during the induction and 
maintenance phases of aestivation (see sections 4.2.6.1.1. and 4.2.6.2.1. for more 
detailed discussion). By contrast, the down-regulation in the mRNA expression of 
aqp1aa in the gills of P. annectens during the induction phase could indicate the 
switching off of osmoregulatory function in the gills to prepare the aestivating 
lungfish for the maintenance phase. This result highlights the differences in the 
regulation of mRNA expression levels and protein abundances, whereby changes 
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in the mRNA expression levels are carried out for the transition between induction 
and maintenance phase without compromising the function of the protein.  
6.2.1.1.7. Switching off branchial ammonia transport function 
Without water to irrigate the gills, ammonia excretion would be impeded with 
time. As the protein abundance of Rhbg and Rhcg were comparable to those of 
control fish in the gills of P. annectens on day 6 of aestivation, it would appear 
that the aestivating lungfish retain the capacity to excrete ammonia during the 
induction phase. However, there were decreases in the mRNA expression of rhbg 
and rhcg in the gills of P. annectens during this period based on the qPCR results 
and the differential gill transcriptome analysis. This suggests that the aestivating 
lungfish is switching off the ability to transport and/or excrete ammonia in the 
gills to prepare for the maintenance phase, as ammonia excretion would be 
impeded during the maintenance phase. 
6.2.1.1.8. Switching off branchial ionoregulatory function 
In the gills of freshwater fishes, ion transport could involve Nka, Na+:K+:2Cl− 
cotransporter (Nkcc), Na+/H+ exchanger (Nhe), vacuolar-type proton ATPase 
(Atp6v) and epithelial Na+ channel (Enac; Evans et al., 2005; Hwang and Lee, 
2007; Hwang, 2009; Hwang and Perry, 2010; Kumai and Perry, 2012). However, 
branchial ion transport will be impeded over time due to the lack of water to flush 
the gills of P. annectens during the induction phase. Indeed, based on the 
differential gill transcriptome analysis, ion channel transport was suppressed in 
the gills of P. annectens during the induction phase. Nhe2 mediates the 
electroneutral secondary active transport of one extracellular Na+ ion for one 
intracellular H+ (Paillard, 1997; Kumai and Perry, 2012) and could be involved in 
acid-base regulation and Na+ uptake in fishes (Claiborne et al., 2002; Dymowska 
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et al., 2012). Rather than facilitating Na+ uptake, Nhe2 is more likely to be 
involved in reducing Na+ loss due to the lack of water to irrigate the gills during 
the induction phase. Therefore, it is possible that the up-regulation of slc9a2, 
which encodes for Nhe2, could lead to increased acid-base regulation and/or 
decreased Na+ loss in the gills of P. annectens during the induction phase. By 
contrast, the down-regulation in the mRNA expression of scnn1b that encodes 
Enacβ, atp6v0c, atp6v0a2, atp6v1a and atp6v1c2 that encodes Atp6v, atp1b2 that 
encodes the β2 subunit of Nka and slc12a2 that encodes Nkcc1 could lead to 
decreases in ion transport in the gills of P. annectens during the induction phase. 
Since ion transport will be impeded in the gills during the maintenance phase, the 
down-regulation of above-mentioned genes could facilitate the switching off of 
the ionoregulatory function in the gills of P. annectens to prepare for the 
maintenance phase. 
6.2.1.2. The maintenance phase 
Beyond the induction phase, the gills would have undergone the necessary 
structural modifications to survive the maintenance phase (which may last up to 4 
years) of the aestivation process. The secondary lamellae become thick and are 
covered with mucus that pastes the lamellae together to remarkably reduce the 
vascular exchange area (Sturla et al., 2002). The circulation of blood through the 
gills is sparse (Sturla et al., 2002). Furthermore, there is reduction in the metabolic 
rate (Storey and Storey, 1990), accompanied with down-regulation of respiratory 
and cardiovascular activities (Fishman et al., 1986; Perry et al., 2008; Ip and 
Chew, 2010a). There are also changes in stress-induced signal transduction in the 
gills (Garofalo et al., 2015). Despite these changes, the morphological integrity of 
the gills is preserved in order to prepare for a prompt re-establishment of their 
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physiological functions upon arousal from aestivation (Sturla et al., 2002; 
Garofalo et al., 2015). Moreover, the number of genes that demonstrated 
significant increases in their transcript levels in the gills of P. annectens after 6 
months of aestivation (the maintenance phase) was greater than that of fish after 6 
days of aestivation (the induction phase). This could be an adaptive mechanism to 
prepare the aestivating fish for the arousal phase, whereby the mRNA transcripts 
are synthesized and compartmentalized in the nucleus, and subsequently be 
translated into proteins for rapid resumption of their functions during arousal. 
6.2.1.2.1. Structural preservation and avoidance of apoptosis 
If apoptotic activities outweigh the activities of cell cycle and proliferation, more 
branchial cells will be degraded over time. Therefore, in order to preserve 
biological structures in the gills, apoptosis must be suppressed during the 
maintenance phase. Indeed, most of the genes associated with the extrinsic 
pathway of apoptosis (casp8 and tnfsf10), intrinsic pathway of apoptosis (cycs) 
and apoptotic execution phase (casp3, casp6, dffb, dsp, dsg2 and mapt) were 
significantly down-regulated in the gills of P. annectens during the maintenance 
phase as compared to the induction phase. In the extrinsic apoptotic pathway, 
TNFSF10 could induce apoptotic cell death by binding to its functional death 
receptors, death receptor 4 and 5 to activate the extrinsic pathway (Wilson et al., 
2009; He et al., 2012). The ligation of TNFSF10 promotes the formation of the 
death-inducing signal complex, which includes CASP8 (Wilson et al., 2009). 
Through a self-cleavage process, CASP8 is activated in the death-inducing signal 
complex to either cleave BID and activate of the intrinsic pathway or cleave and 
directly activate of CASP3, CASP6 and CASP7 (Wang, 2001; Unsain and Barker, 
2015). In the intrinsic apoptotic pathway, upstream interactions of pro-apoptotic 
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and anti-apoptotic BCL-2 family members on the surface of the mitochondria 
could result in mitochondria outer membrane permeabilization, release of CYCS, 
and subsequent CASP3 and CASP9 activation (Elmore, 2007). Furthermore, the 
executioner phase could involve DFFB involved in DNA fragmentation and 
proteins, such as DSP, DSG2 and MAPT, involved in cellular remodeling and 
differentiation during the executioner phase (Lowndes et al., 2014; Unsain and 
Barker, 2015). Therefore, the down-regulation of the genes encoding proteins 
involved in the extrinsic and intrinsic pathways of apoptosis and the apoptotic 
execution phase could lead to suppression of apoptosis, which could facilitate 
structural preservation in the gills of P. annectens during the maintenance phase. 
Furthermore, the down-regulation of dsp, dsg2 and mapt could indicate the 
switching off of cellular remodeling and differentiation in the gills, which is in 
agreement with the suppression of extracellular matrix organization and cell-cell 
communication for structural preservation in the gills of P. annectens during the 
maintenance phase of aestivation (see section 6.2.1.2.4. for a more detailed 
discussion). 
6.2.1.2.2. Suppression of cell cycle and proliferation to preserve biological 
structures 
Similarly, cell cycle and proliferation has to be suppressed in order to facilitate 
structural preservation in the gills. Based on the differential gill transcriptome 
analysis, the reactome pathways, including cell cycle checkpoints and nucleosome 
assembly, were activated in the gills of P. annectens during the maintenance 
phase. However, a close examination of genes within the reactome pathway 
associated with cell cycle revealed that more genes were significantly down-
regulated in the gills of P. annectens during the maintenance phase. Specifically, 
 364 
 
two distinct gene cluster, including gene related to DNA replication and cell cycle 
checkpoint, were down-regulated in the gills of P. annectens during the 
maintenance phase. 
In eukaryotic cell cycle, DNA replication requires the ordered and highly 
coordinated recruitment of many proteins into the replication origin to form a 
replication initiation complex (Araki, 2010; Diffley, 2011; Labib, 2010; MacNeill, 
2010; Pospiech et al., 2010). Orc consists of 6 subunits that bind to the replication 
origin and initiate DNA replication (Araki, 2010). Dbf4 and Cdc7 form the Dbf4-
dependent kinase complex that phosphorylates the subunits of the Mcm2-7 
helicase complex at the replication origin (Jones et al., 2010). Cdc45 associates 
with the Mcm2-7 helicase and forms the Cdc45-Mcm2-7-GINS complex 
(Szambowska et al., 2014), which represents the eukaryotic replicative DNA 
helicase that unwinds replication origin and drives the replication fork for DNA 
replication (Sclafani and Holzen, 2007; Kang et al., 2012; Onesti and MacNeill, 
2013). Despite the up-regulation of dbf4, the down-regulation of orc1, cdc7, 
cdc45 and mcm2-6 indicated the DNA replication capacity was reduced in the 
gills of P. annectens during the maintenance phase.  
Cdk and its respective cyclins are checkpoint proteins that are critical for 
maintaining genomic stability, and function by monitoring DNA integrity and the 
successful completion of cell cycle events (Whitfield et al., 2006). The expression 
level and/or phosphorylation state of these proteins changes in response to DNA 
damage, which provides a means of identifying cells that have activated a 
checkpoint response (Kwak et al., 2006). Ccne1 and Ccne2 belongs to the group 
of E-type cyclins, that interacts with Cdk2; together, they regulate essential 
processes at the G1–S-phase boundary of the cell cycle (Möröy and Geisen, 2004; 
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Hwang and Clurman, 2005). Cdk1 interacts with cyclin B to form the M-phase 
promoting factor, which triggers M-phase within the eukaryotic cell (Castedo et 
al., 2002; Kishimoto, 2015). The down-regulation of ccne1, ccne2 and cdk1 could 
deactivate the control of cell cycle progress in the gills of P. annectens during the 
maintenance phase. By switching off the DNA replication capacity and 
deactivating the control of cell cycle progress, cell cycle and proliferation could 
be impeded in the gills during the maintenance phase. Taken together, it appears 
that the aestivating lungfish suppresses apoptotic and cell cycle activities to 
maintain low cell turnover rate, thereby preserving the biological structures in the 
gills during the maintenance phase. Since cell cycle and apoptosis are 
energetically expensive processes (Elmore, 2007; Biggar and Storey, 2009), 
maintaining a low cell turnover rate could be an adaptive strategy to reduce 
energy expenditure and conserve the limited endogenous energy reserve during 
the maintenance phase. 
6.2.1.2.3. Suppression of cell cycle and apoptosis could be facilitated by 
decreases in akt1 and akt2 mRNA expression 
During the maintenance phase of aestivation, the PI3K signalling pathway, which 
are important in controlling cell proliferation and death (Mendoza et al., 2011), 
was suppressed in the gills of P. annectens. In particular, the down-regulation of 
akt1 and akt2 could play an important role in suppressing cell cycle and apoptosis. 
Garofalo et al. (2015) reported that there were decreased protein abundance of 
Nos and Akt in the gills of P. annectens during the maintenance phase and 
suggested the association of Akt with eNos/NO system in parallel with organ 
readjustment. Besides that, activated Akt could also be involved in stimulating 
glucose uptake, glycogen synthesis, lipogenesis and protein synthesis, inhibiting 
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pro-apoptosis factors and suppressing forkhead box class O transcription factors, 
which variously mediate cell cycle arrest, apoptosis, quiescence, stress resistance 
and life extension (Paradis and Ruvkun, 1998; Whiteman et al., 2002; Duronio, 
2008). Therefore, it is possible that the down-regulation of akt1 and akt2 could 
play important roles in suppressing cell cycle and death and regulating other 
downstream effectors of the PI3K pathway, which could be important for 
aestivation success (Storey and Storey, 2012). 
6.2.1.2.4. Suppression of extracellular matrix organization and cell-cell 
communication for structural preservation 
In contrast to the induction phase, only the reactome pathway associated with 
laminin interactions were suppressed, suggesting that the gills did not undergo 
further structure modifications in the gills during the maintenance phase. However, 
more genes associated with extracellular matrix organization, including collagen 
(col1a1, col4a2, col4a3, col5a1, col6a1, col6a2, col6a3, col6a6, col11a1 and 
col14a1), laminin (lama2, lama5, lamb1, lamc2 and lamc3), integrin (itga5, itga7, 
itgav, itgb1, itgb4 and itgb6), heparan sulfate proteoglycan (hspg2), matrix 
metalloproteinase (mmp2 and mmp17) and adamalysin metalloproteinase (adam9, 
adam17, adamts1 and adamts4), were significantly down-regulated in the gills of 
P. annectens during the maintenance phase as compared to the induction phase. 
This highlights the need to maintain low expression of genes to conserve 
metabolic energy as transcription is energy-dependent.  
Compared to the induction and arousal phases, cell-cell junction 
organization was deactivated in the gills of P. annectens only during the 
maintenance phase. Furthermore, the mRNA expression of cldn4, cldn6, cldn7 
and cldn10 were down-regulated in the gills of P. annectens during the 
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maintenance phase. Cldn belongs to a family of tight junction membrane proteins 
(Van Itallie and Anderson, 2006; Angelow et al., 2008; Chiba et al., 2008) that 
determines the barrier properties between the plasma membranes of two 
neighbouring cells (Krause et al., 2008). They can be involved in altering 
paracellular permeability during seawater exposure and maintaining the structural 
integrity of fish gills (Chasiotis et al., 2012; Kolosov et al., 2014). The down-
regulation of cldn4, cldn6, cldn7 and cldn10 in the gills of P. annectens could 
potentially deactivate cell-cell junction organization, and switch of the branchial 
physiological functions. In addition, it would reduce energy expenditure during 
the maintenance phase of aestivation.  
6.2.1.2.5. Suppression of metabolic activities 
Many genes associated with the metabolism of amino acid (19), carbohydrates 
(56), lipid and lipoproteins (137) were significantly down-regulated in the gills 
during the maintenance phase, suggesting the suppression of metabolic activities. 
During the maintenance phase, metabolic activities must be generally reduced to 
conserve energy. 
6.2.1.2.6. Shutdown of branchial functions 
The down-regulation in the mRNA expression levels and protein abundance of 
aqp1aa/Aqp1aa and aqp3a/Aqp3a could lead to a reduction in transepithelial 
efflux of water, thereby preventing evaporative water loss in the gills of P. 
annectens during the maintenance phase of aestivation (see section 4.2.6.2.1 for a 
more detailed discussion). This is in agreement with the down-regulation of 
aqp1aa and aqp3a in the gills of P. annectens during the maintenance phase based 
on the differential gill transcriptome analysis.  
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The down-regulation of rhbg and rhcg in the gills of P. annectens during 
the maintenance phase indicated that branchial ammonia transport function was 
switched off. Furthermore, the ionoregulatory function of the gills was also 
switched off. Indeed, the reactome pathway associated with ion channel transport 
was deactivated in the gills of P. annectens during the maintenance phase. 
Furthermore, the genes encoding proteins associated with ion transport, including 
Nka subunits (atp1a3, atp1a1 and atp1b2), Cftr (cftr), Nkcc1 (slc12a2), Nhe1 
(slc9a1), Atp6v subunits (atp6v0a2, atp6v0a4, atp6v1a and atp6v1b2), Enac 
subunits (scnn1a and scnn1b) and Hka (atp12a) were significantly down-
regulated, which could switch off the ionoregulatory function of the gills which 
were covered with dried mucus. 
6.2.1.2.7. Concurrent increases in the capacities of transcription and 
translation—a controversy 
During mammalian torpor and hibernation, there is a global suppression of gene 
transcription (Osborne et al., 2004). By contrast, based on the differential gill 
transcriptome analysis, the transcription machinery was up-regulated in the gills 
of P. annectens during the maintenance phase. The genes encoding proteins of the 
transcription machinery, including Cdk9 (cdk9), RNA polymerase II (polr2f, 
polr2i and polr2l), general transcription factors (gtf2f1, gtf2f2, gtf3a and gtf2h1) 
and transcription elongation factors (tceb1, tceb3 and tcea1), were significantly 
up-regulated in the gills of P. annectens during the maintenance phase. During 
transcription, RNA polymerase II transcribes protein-coding genes to produce 
mRNA (Sainsbury et al., 2015). During eukaryotic transcription initiation, RNA 
polymerase II and the general transcription factors assemble at the promoter DNA 
and activate transcription (Sainsbury et al., 2015). During eukaryotic transcription 
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elongation, transcription elongation factors activate elongation by RNA 
polymerase II and Cdk9 makes up the positive transcription elongation factor-b 
complex that mediates the release of paused RNA polymerase II (Jonkers and Lis, 
2015). Therefore, the up-regulation of the genes encoding proteins of the 
transcription machinery could potentially increase the capacity of transcription in 
the gills of P. annectens during the maintenance phase. Since transcription is an 
energetically expensive process (Osborne et al., 2004), it is logical that the 
aestivating lungfish would only transcribe genes that are essential to survive in the 
maintenance phase and those needed for arousal upon the return of water.  
However, unlike the suppression of translational activities during 
mammalian torpor and hibernation (Frerichs et al, 1998), the translation 
machinery was apparently also activated in the gills of P. annectens during the 
maintenance phase. Translation involves a stage dependent assembly of various 
function protein complexes (Jackson et al., 2010). During eukaryotic translation 
initiation, a 43S preinitiation complex, which comprise of a 40S ribosomal 
subunit, eukaryotic translation initiation factor (eIF)2-GTP-Met-tRNAMeti ternary 
complex, eIF3, eIF1 and eIF1A, attaches to the capped 5’ proximal region of 
mRNAs in a step that involves the unwinding of the mRNA's 5’ terminal 
secondary structure by eIF4A, eIF4B and eIF4F (Jackson et al., 2010). Eukaryotic 
translation elongation involves two translation elongation factors, eEF1 and eEF2 
(Mahoney et al., 2009). The up-regulation of the genes encoding the components 
of translation, including eIF (eif1ax, eif2s1, eif2s2, eif3a, eif3c, eif3d, eif3e, eif3f, 
eif3i, eif3j, eif4a1 and eif4ebp1) and eEF (eef1d, eef1g and eef2), could potentially 
increase the capacity of translation in the gills of P. annectens during the 
maintenance phase. However, translation must become more selective in order to 
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conserve energy but at the same time, allows critical functions to carry on (Hiong 
et al., 2013). 
With up-regulation in both the transcription and translation capacities, how 
can the increase in transcription of a certain gene not lead to an increase in its 
translation into a protein during the maintenance phase of aestivation? This can be 
achieved probably through the disengagement of the transcription and the 
translation processes. If the transcripts of a certain gene were stored inside the 
nucleus after being synthesized, they would not be made available for immediate 
translation. However, this would make provision for the transcripts to be made 
available promptly for protein synthesis upon arousal once they are released from 
the nucleus. 
During the maintenance phase, several genes associated with the 
metabolism of amino acids (28), carbohydrates (28), lipid and lipoproteins (44) 
were significantly up-regulated in the gills of P. annectens. However, this does 
not imply that there would be a concurrent increase in protein expression of these 
genes leading to higher amino acids, carbohydrate and lipid metabolism. In fact, 
all other results point to the decreases in metabolic activities in the gills during the 
maintenance phase. Hence, the up-regulation of the genes associated with 
metabolism, upon dissociation from the translation process, could be an adaptive 
strategy to prepare the aestivating lungfish for arousal. Another example is the 
genes encoding for Arg2 and Odc1 that are involved in the polyamine metabolism. 
In gills of Fundulus grandis, Arg2 and Odc are involved in the production of 
polyamine, including putrescine, spermidine, and spermine, of which polyamines 
blunt the hypotonic inhibition of NaCl secretion and may lead to early apoptosis 
of seawater-type ionocytes and their replacement by freshwater-type ionocytes 
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(Guan et al., 2016). Therefore, polyamines could play an important role in gill 
epithelial remodeling. Furthermore, polyamines have an important role in 
transcription, cell growth, cell proliferation, and apoptosis (Pegg and McCann, 
1982; Tabor and Tabor, 1984; Ray et al., 1999). Since the gills will not undergo 
structural modifications during the maintenance phase, it is logical to deduce that 
arg2 and odc1 are synthesized in preparation for gill remodeling during the 
arousal phase.  
6.2.1.3. The arousal phase 
Upon contact with water, the lungfish awakens from dormancy and enters into the 
arousal phase, during which it quickly leaves the cocoon and slowly swims to the 
water surface for air. During the arousal phase, the gills have to undergo structural 
modifications for tissue repair and regeneration and excrete urea accumulated 
during the maintenance phase. These changes require proper coordination of 
cellular pathways at the molecular level to restore the physiological functions of 
the gills. 
6.2.1.3.1. Tissue repair and regeneration could be facilitated by increases in 
cell cycle and proliferation 
Cell proliferation is crucial for tissue repair and regeneration, and the regulation 
of cell cycle entry and progression are important for this process (Heber-Katz et 
al., 2012). Therefore, it is important for P. annectens to activate cell cycle and 
regulate cell cycle progression for tissue repair and regeneration during the 
arousal phase. Indeed, five reactome pathways, including cell cycle, cell cycle 
checkpoints, cell cycle (mitotic), meiosis and nucleosome assembly, were 
activated. Specifically, the up-regulation concerns the genes related to DNA 
replication and cell cycle checkpoints. 
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RFC2 is one of the small subunit of RFC that plays a key role in DNA 
replication by catalyzes the loading of proliferating cell nuclear antigen on DNA 
(Johnson and O’Donnell, 2005; Indiani and O’Donnell, 2006). The up-regulation 
of rfc2, together with orc1, orc4 and cdc7 (see section 6.2.1.2.2. for a more 
detailed discussion), indicated that the DNA replication capacity was increased in 
the gills of P. annectens during the arousal phase. MDC1 regulates cell cycle 
checkpoints and recruits DNA repair proteins to sites of double-stranded DNA 
damage using its breast cancer 1 carboxy-terminal domains (Patel et al., 2011). 
CCND1 interacts with CDK4 or CDK6; together, they regulate the G1‒S-phase 
transition (MacLachlan et al., 1995). MYC is a transcription factor that stimulates 
the cell cycle progression and cell proliferation (see Bretones et al., 2015 for a 
review). The up-regulation of mdc1, ccnd1 and myc could activate the control of 
cell cycle progression, which is important in facilitating cell divisions in the gills 
of P. annectens during the arousal phase. Since the mRNA expression and protein 
abundance of MYC/MYC are closely correlated with cell proliferation rates 
(Bretones et al., 2015), the up-regulation of myc highlights that there could be 
increases in cell cycle and proliferation in the gills of P. annectens during the 
arousal phase. Taken together, the activation of cell cycle and proliferation could 
lead to the generation of new branchial cells for tissue repair and regeneration and 
restoring critical functions of the gills. 
6.2.1.3.2. Tissue repair and regeneration could be facilitated by increases in 
apoptosis 
It has been demonstrated in many animals that apoptosis may be the driving force 
for cell proliferation during tissue regeneration (Ryoo et al., 2004; Chera et al., 
2009; Pellettieri et al., 2010). Specifically, the proliferation component of 
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regeneration is under the control of apoptotic cells, a phenomenon known as 
“apoptosis-induced compensatory proliferation” (Fan et al., 2008). Therefore, 
apart from replacing of damaged branchial cells, apoptosis could also facilitate 
cell proliferation for tissue repair and regeneration in the gills during the arousal 
phase. Indeed, the reactome pathway associated with intrinsic pathway of 
apoptosis was activated in the gills of P. annectens during the arousal phase. 
Proteins from the BCL-2 family play important roles in regulating the intrinsic 
pathway of apoptosis (Siddiqui et al., 2015). BCL-2 is anti-apoptotic (Siddiqui et 
al., 2015). BCL2L1 is an important apoptosis regulating gene that codes for both 
an anti-apoptotic (BCL-xL) and a pro-apoptotic (BCL-xS) splice variant (Sillars-
Hardebol et al., 2012). The balance between the pro- and anti-apoptotic BCL-2 
proteins determines the sensitivity of the cells to apoptotic stimuli (Siddiqui et al., 
2015). Excess of pro-apoptotic proteins makes the cells sensitive to apoptosis, 
while excess of anti-apoptotic proteins makes the cells resilient to apoptosis 
(Siddiqui et al., 2015). Therefore, the down-regulation of bcl2 and the up-
regulation of bcl2l1 gene expression could potentially lead to the activation of the 
intrinsic pathway of apoptosis, which could facilitate tissue repair and 
regeneration in the gills of P. annectens during the arousal phase. Since CDH1 
could be involved in cellular remodeling and differentiation (Lowndes et al., 
2014; Unsain and Barker, 2015), the up-regulation of cdh1 could facilitate 
structural modifications in the gills, and corroborates with the activation of 
extracellular matrix organization and cell-cell communication (see section 
6.2.1.3.4. for a more detailed discussion). 
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6.2.1.3.3. Activation of cell cycle and apoptosis could be facilitated by 
increases in akt2 mRNA expression 
In contrast to the maintenance phase, arousal led to an up-regulation in the mRNA 
expression of akt2 in the gills of P. annectens. It has been demonstrated that 
activated AKT plays important roles in determining the expression of several 
proteins involved in cell cycle and apoptosis, including BCL-2 (Mangi et al., 2003) 
and cyclin D (Chen et al., 2013), in mesenchymal stem cells during tissue 
regeneration. Therefore, the up-regulation of akt2 could be involved in activating 
cell cycle and death and regulating other downstream effectors of the PI3K 
pathway, which could be important for tissue repair and regeneration in the gills 
of P. annectens upon arousal. 
6.2.1.3.4. Increased extracellular matrix organization and cell-cell 
communication to restore the normal integrity in the gill lamella 
In contrast to the induction and maintenance phases of aestivation, more genes 
associated with extracellular matrix organization and cell-cell communication 
were up-regulated in the gills of P. annectens during the arousal phase. 
Specifically, the up-regulation of col2a1 and col4a1 could lead to an increase in 
the production of collagens. Since collagen columns are important in maintaining 
the flatness and width of gill lamella (Kudo et al., 2007), the increase in collagen 
production could facilitate the restoration of the collagen columns in the gills of P. 
annectens during the arousal phase of aestivation. The up-regulation of adamst1 
could indicate an increase in the degradation of extracellular matrix components, 
which could be important for extracellular matrix remodeling in the gills. 
Furthermore, the up-regulation of cldn4 and cldn6 could potentially activate cell-
cell junction organization. Taken together, the increased activities in the 
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extracellular matrix organization and cell-cell communication might facilitate 
structural modifications and restoration of the normal structural integrity in the 
gill lamella, which could be important for P. annectens to regain the physiological 
functions in the gills. 
6.2.1.3.5. Tissue repair and regeneration could be facilitated by increases in 
the capacity for transcription 
It has been demonstrated that precise regulation of gene transcription is essential 
for tissue repair and regeneration in many mammalian organs (Bruneau, 2013; 
Upadhyay, 2015; Kalinski et al., 2015). Upon arousal, the reactome pathway 
associated with transcription was activated in the gills of P. annectens. 
Specifically, arousal led significant up-regulation of genes encoding proteins of 
the transcription machinery, including RNA polymerase II (polr2l, polr2f and 
polr2i) and general transcription factors (gtf2b, gtf2h1 and gtf2h3), in the gills of 
P. annectens. This could increase the capacity of transcription, which could lead 
to increased transcription of genes that are essential for tissue repair and 
regeneration in the gills during the arousal phase.  
6.2.1.3.6. Tissue repair and regeneration could be facilitated by increases in 
the capacity for translation 
Translation also plays an important role in tissue repair and regeneration (Gumy et 
al., 2010; Vieira et al., 2011). During the arousal phase, the reactome pathway 
associated with translation was activated in the gills of P. annectens. Specifically, 
the genes encoding for eukaryotic translation initiation factors (eif1ax, eif2s2, 
eif4e and eif5) were significantly up-regulated in the gills of P. annectens during 
the arousal phase as compared to control fish. This could increase the capacity of 
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translation, leading to increased translation of proteins that are essential for tissue 
repair and regeneration in the gills of P. annectens during the arousal phase. 
6.2.1.3.7. Increased polyamine metabolism for gill remodeling 
The expression of arg2 and odc1, which are involved in polyamine metabolism, 
were up-regulated during the maintenance phase of aestivation, in preparation for 
gill remodeling upon arousal. During the arousal phase, another gene associated 
with polyamine metabolism, smox, was up-regulated in the gills of P. annectens. 
SMOX is a FAD-dependent enzyme that catalyzes the oxidation of spermine to 
spermidine, hydrogen peroxide and the aldehyde 3-aminopropanal (Cervelli et al., 
2012). Since polyamines, including spermidine, could play an important role in 
gill epithelial remodeling (Guan et al., 2016), the up-regulation of smox could lead 
to increased production of spermidine, which might be important for remodeling 
of the gills of P. annectens. 
6.2.1.3.8. Urea excretion upon arousal could be facilitated by ut-a2a/Ut-a2a in 
the gills 
Upon arousal in water, African lungfishes can efficiently excrete the excess urea 
accumulated in the body during the maintenance phase of aestivation (Smith, 
1930, Janssens, 1964). The up-regulation in the mRNA expression levels and 
protein abundance of ut-a2a/Ut-a2a corresponds with the peak of urea-N 
excretion in P. annectens at 12-30 hours upon re-immersion in water after 33 days 
of air exposure (Hung et al., 2009), indicating that Ut-a2a in the gills of P. 
annectens can also contribute to urea excretion during the arousal phase (see 
section 4.2.6.3.1 for a more detailed discussion). This is in agreement with the up-
regulation of ut-a2a in the gills of P. annectens during the arousal phase based on 
the differential gill transcriptome analysis.  
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6.2.1.3.9. Some physiological functions were not fully recovered on day 1 of 
arousal 
Icardo et al. (2012) reported that after arousal from 6 months of aestivation, cell 
phenotypes in the digestive tract of P. annectens were restored in about 6 days, 
but full structural recovery was not attained during the experimental period (15 
days post-aestivation). Therefore, it is logical to deduce that some physiological 
functions of the gills were not fully restored on day 1 of arousal from 6 months of 
aestivation. 
Firstly, metabolic activities were not fully recovered in the gills of P. 
annectens on day 1 of arousal. During this period, many genes associated with the 
metabolism of amino acids (6), carbohydrates (21), lipid and lipoproteins (73) 
remained significantly lower than control fish in the gills of P. annectens. Since 
structural changes would require increased syntheses of certain proteins, and since 
they occurred before re-feeding, it would imply the mobilization of amino acids of 
endogenous origin (Chew et al., 2015). Indeed, there were more up-regulated 
genes (11) than down-regulated genes (6) associated with the metabolism of 
amino acids in the gills of P. annectens on day 1 of arousal, suggesting there 
could be increases in amino acid metabolism for structural and functional 
reconstruction of branchial cells. 
Secondly, branchial osmoregulatory function was not fully recovered in P. 
annectens on day 1 of arousal; for instance, the protein abundance of Aqp1aa and 
Aqp3a remained low as indicated by Western blotting (sections 4.1.1.7. and 
4.1.2.8.). This is in agreement with the down-regulation of aqp1aa in the gills of 
P. annectens on day 1 of arousal based on the differential gill transcriptome 
analysis. Since the protein abundance of only Aqp3a returned to control values on 
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day 3 of arousal, the capacity to conduct branchial water transport by Aqp1aa and 
Aqp3a occurs after 1 day of arousal from 6 months of aestivation. Furthermore, 
this suggests that the gills may not play an important role in rehydration during 
the early arousal phase of aestivation. 
Thirdly, branchial iono-regulatory function was not fully recovered on day 
1 of arousal. The reactome pathway associated with ion channel transport 
remained deactivated in the gills of P. annectens on day 1 of arousal. Furthermore, 
the genes encoding proteins associated with ion transport, including Nka subunits 
(atp1a1), Cftr (cftr), Atp6v subunits (atp6v1h, atp6v0d1 and atp6v0a4), Enac 
subunits (scnn1b and scnn1g) and Hka (atp12a) remained significantly lower than 






Results from this study confirmed that there are isoforms of aqp (aqp1aa, aqp3a, 
aqp8aa and aqp11), rhgp (rhag, rhbg and rhcg) and ut (ut-a2a, ut-a2b and ut-a2c) 
in the gills, skin and/or liver of P. annectens. During the three phases of 
aestivation, there are up-regulation and down-regulation of aqp/Aqp, rhgp/Rhgp 
and ut/Ut isoforms in the gills, skin and liver of P. annectens. Therefore, 
aestivation cannot be simply regarded as a general depression of metabolism (Ip 
and Chew, 2010a). Instead, aestivation involves a complex interplay between up-
regulation and down-regulation of diverse cellular activities and tightly-controlled 
subcellular organization of transcriptional and/or translational machineries to meet 
the challenges associated with aestivation. More importantly, the results provide 
novel insights on the water, ammonia and urea transport system in the gills, skin 
and liver of P. annectens during the three phases of aestivation or upon exposure 
to 100 mmol l-1 NH4Cl in fresh water. 
The water transport system of P. annectens involves interplay of different 
Aqp isoforms in different tissue/organs to prevent evaporative water loss during 
the induction and maintenance phases of aestivation or to facilitate rehydration 
during the arousal phase. Aqp1aa and/or Aqp3a could be involved in mucus 
secretion and cocoon formation in the gills and skin of P. annectens, whereby the 
mucus layer can protect the gills and skin from evaporative water loss during the 
induction and maintenance phases of aestivation. Besides forming a mucus 
cocoon, the down-regulation in the protein abundances of Aqp1aa and Aqp3a 
could further reduce evaporative water loss in the gills of P. annectens during the 
maintenance phase. Furthermore, Aqp1aa in the skin of P. annectens could 
facilitate water transport after cocoon formation to maintain the hydration of the 
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skin. Moreover, the up-regulation of aqp11 mRNA expression in the liver of P. 
annectens could be associated with increases in intracellular water transport and 
alleviating liver damage from structural modifications during the maintenance 
phase. Upon arousal, Aqp1aa could be involved in water absorption for 
rehydration in the skin of P. annectens. Furthermore, the up-regulation of aqp11 
mRNA expression in the liver of P. annectens could facilitate intracellular water 
transport, growth and repair of hepatocytes during the arousal phase of aestivation. 
The regulation of ammonia and urea transport systems in P. annectens 
could facilitate the transition between ammonotely and urea accumulation during 
the induction phase of aestivation, the transition between urea accumulation and 
ureotely during the arousal phase, the decrease in influx of exogenous ammonia 
and increase in urea excretion upon exposure to 100 mmol l-1 NH4Cl in fresh 
water. The ammonia transport system of P. annectens could involve Aqp1aa, 
Aqp3a, Aqp8aa, Rhag, Rhbg and Rhcg. During the induction phase of aestivation, 
the down-regulation in the Rhag protein abundance could indicate decreased 
ammonia production and excretion in the gills of P. annectens. Since there is 
water at the bottom of the tank during the induction phase, there could still be 
ammonia excretion at the ventral skin of P. annectens, which could be facilitated 
by Rhbg and Rhcg. In the liver of P. annectens, the up-regulation of Aqp8aa 
protein abundance could result in increased mitochondrial uptake of ammonia and 
the down-regulation of Rhbg protein abundance could retain ammonia, both of 
which could contribute to increased urea synthesis during the induction phase. 
During the maintenance phase of aestivation, the down-regulation in the protein 
abundances of Rhag, Rhbg and Rhcg could lead to decreased ammonia excretion 
in the gills of P. annectens. The down-regulation in the protein abundance of 
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Aqp8aa in the liver of P. annectens could result in a decrease in the mitochondrial 
uptake of ammonia during the maintenance phase. On day 1 of arousal, the up-
regulation in the protein abundance of Rhcg could facilitate ammonia excretion in 
the skin of P. annectens. By contrast, on day 3 of arousal, the down-regulation of 
Rhcg and the up-regulation of Rhag could indicate decreased ammonia excretion 
in the skin of P. annectens and an overall increase in ammonia/nitrogen 
metabolism. Upon exposure to 100 mmol l-1 NH4Cl in fresh water, the down-
regulation in the protein abundances of Aqp1aa and Aqp3a could be a response to 
reduce the perturbance in water fluxes and the influx of exogenous NH3 in the 
gills and skin of P. annectens. The down-regulation in the protein abundances of 
Rhag, Rhbg and Rhcg in the gills of P. annectens could lead to decreased influx 
of exogenous ammonia during ammonia exposure. Interestingly, Aqp1aa in the 
gills and Rhcg and Rhcg in the skin of P. annectens might be involved in CO2 
conductance, which could result in the acidification and the decrease in the ratio 
of NH3 to NH4
+ in the external environment. This decreases the concentration of 
NH3 in the water, thereby minimizing ΔPNH3 for diffusive entry and/or reducing 
the influx of exogenous NH3 (Wood et al., 2005b). 
The urea transport system of P. annectens involves Ut-a2a, Ut-a2b and Ut-
a2c. During the induction and maintenance phases of aestivation, urea excretion is 
impeded and urea is retained and accumulated in the body as an internal signal for 
aestivation. This could be facilitated by Ut-a2a, Ut-a2b or Ut-a2c in the gills and 
skin of P. annectens, although there are differences in the regulation of the protein 
abundance of Ut isoforms between the gills and the skin of P. annectens. 
Furthermore, the up-regulation in the protein abundances of Ut-a2a and Ut-a2c in 
the liver of P. annectens could lead to increased urea export from the liver, which 
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could also facilitate urea accumulation during the induction and maintenance 
phases of aestivation. During the arousal phase, accumulated urea in the body 
could be excreted through the gills and skin of P. annectens, which could be 
facilitated by Ut-a2a and Ut-a2b. The up-regulation in the protein abundances of 
Ut-a2a, Ut-a2b and Ut-a2c in the liver of P. annectens could lead to increased 
urea export from the liver to facilitate urea excretion during the arousal phase. 
Upon exposure to 100 mmol l-1 NH4Cl in fresh water, Ut-a2a and Ut-a2b could be 
involved in urea retention in the gills of P. annectens. Interestingly, Ut-a2c in the 
skin of P. annectens responds specifically to environmental ammonia exposure to 
facilitate urea excretion. 
The differential gill transcriptomic analyses confirmed that the up-
regulation in the gene expression could be extended to other genes or gene 
clusters in the gills of P. annectens during the three phases of aestivation. There 
are up- and down-regulation of genes or gene clusters that could offer insights 
into how the gills could switch off its physiological functions during the induction 
and maintenance phases of aestivation and switch on its physiological functions 
during the arousal phase of aestivation. During the induction phase, there is 
increased amino acid metabolism for mucus production in the gills of P. 
annectens. Furthermore, branchial structural modifications could be facilitated by 
increased cell cycle and proliferation, cell differentiation and suppression of 
extracellular matrix. The osmoregulatory, ionoregulatory and ammonia transport 
functions in the gills of P. annectens are also switched off. During the 
maintenance phase, there is structural preservation in the gills of P. annectens, 
which could be facilitated by the suppression in apoptosis, cell cycle and 
proliferation, extracellular matrix organization and cell-cell communication. 
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Moreover, there is shutdown of branchial functions during the maintenance phase. 
Importantly, during the maintenance phase, there are increased capacities of 
transcription and translation to synthesize genes and/or proteins that are essential 
to survive in the maintenance phase and those needed for arousal upon the return 
of water. This may account for the dis-engagement between transcription and 
translation of certain genes/proteins during the maintenance phase. During the 
arousal phase, tissue repair and regeneration could be facilitated by increased cell 
cycle and proliferation, apoptosis, extracellular matrix organization, cell-cell 
communication, polyamine metabolism and capacities for transcription and 
translation.  
In the future, immunohistochemical work should be performed to examine 
the localization of the isoforms of Aqp, Rhgp and Ut in the gills, skin and liver of 
P. annectens during the three phases of aestivation and upon exposure to 100 
mmol l-1 NH4Cl. Furthermore, future work should examine the transport 
mechanism of the isoforms of Aqp, Rhgp and Ut of P. annectens by incorporating 
the proteins into Xenopus oocytes by proteoliposome microinjection. Information 
derived from this study could have important applications in the environmental 
and biomedical sciences, ranging from synthetic membranology for water 
filtration and/or purification to the engineering of a biomimetic artificial 
membrane that can transport urea, which could offer a solution to the problems of 
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Appendix 1. List of selected species and their accession numbers used for 
dendrogram analyses of Aqp1/AQP1. “*” indicates the outgroup. 
Species Accession number 
Acanthopagrus schlegelii Aqp1 ABO38816.1 
Anabas testudineus Aqp1aa AGF30363.1 
Anguilla anguilla Aqp1a CAD92027.1 
Anguilla anguilla Aqp1b ABM26906.1 
Anguilla japonica Aqp1a BAC82109.1 
Anguilla japonica Aqp1b BAK53383.1 
Bos taurus AQP1 ABF57368.1 
Canis lupus familiaris AQP1 NP_001003130.1 
Cynoglossus semilaevis Aqp1 ADG21868.1 
Cyprinus carpio Aqp1a1-1 BAS18938.1 
Danio rerio Aqp1 ACA29537.1 
Danio rerio Aqp1a NP_996942.1 
Dicentrarchus labrax Aqp1 ABI95464.2 
Diplodus sargus Aqp1 AEU08496.1 
Fundulus heteroclitus Aqp1 ACI49538.1 
Homo sapiens AQP1 CAQ51480.2 
Latimeria chalumnae Aqp1 XP_006005961.1 
Mus musculus AQP1 EDK98728.1 
Oryzias dancena Aqp1 BAN17349.1 
Oryzias latipes Aqp1 XP_011485314.1 
Osmerus mordax Aqp1 ACO09149.1 
Ovis aries AQP1 AAB63463.1 
Poecilia formosa Aqp1 XP_007548683.1 
Pongo abelii AQP1 NP_001126220.1 
Rattus norvegicus AQP1 EDL88090.1 
Rhabdosargus sarba Aqp1 AEG78286.1 
Rhinella marina Aqp1 AAA67782.1 
Salmo salar Aqp1b NP_001133472.1 
Sparus aurata Aqp1a ABM26907.1 
Sparus aurata Aqp1b ABM26908.1 
Sus scrofa AQP1  NP_999619.1 
Takifugu obscurus Aqp1 ADG86337.1 
Xenopus (Silurana) tropicalis Aqp1 NP_001005829.1 
Xenopus laevis Aqp1 NP_001085391.1 




Appendix 2. List of selected species and their accession numbers used for 
dendrogram analyses of Aqp3/AQP3. “*” indicates the outgroup. 
Species Accession number 
Anguilla anguilla Aqp3 CAC85286.1 
Anguilla japonica Aqp3 BAH89253.1 
Bos taurus AQP3 NP_001073262.1 
Cynoglossus semilaevis Aqp3 XP_008323950.1 
Danio rerio Aqp3a AAH44188.1 
Danio rerio Aqp3b NP_001159593.1 
Dicentrarchus labrax Aqp3 ABG36519.1 
Fundulus heteroclitus Aqp3 NP_001296892.1 
Homo sapiens AQP3 AAY68214.1 
Ictalurus punctatus Aqp3 AHH37605.1 
Larimichthys crocea Aqp3 KKF15034.1 
Latimeria chalumnae Aqp3 XP_006004793.1 
Macaca mulatta AQP3 NP_001244972.1 
Maylandia zebra Aqp3 XP_004544455.1 
Mus musculus AQP3 BAB03270.1 
Notothenia coriiceps Aqp3 XP_010776959.1 
Oreochromis mossambicus Aqp3 BAD20708.1 
Oreochromis niloticus Aqp3 AHY84681.1 
Oryzias dancena Aqp3 BAP11294.1 
Oryzias latipes Aqp3 XP_004072505.1 
Pan troglodytes AQP3 JAA01153.1 
Poecilia formosa Aqp3 XP_007562721.1 
Poecilia reticulata Aqp3 XP_008417140.1 
Rattus norvegicus AQP3 EDL98656.1 
Rattus rattus AQP3 BAA04559.1 
Sarotherodon melanotheron Aqp3 AHA92968.1 
Sus scrofa AQP3 ABW06862.1 
Takifugu obscurus Aqp3 ADG86338.1 
Takifugu rubripes Aqp3 XP_003975282.1 
Tribolodon hakonensis Aqp3 BAB83082.1 
Xenopus (Silurana) tropicalis Aqp3 CAJ82459.1 
Xenopus laevis Aqp3 NP_001081876.1 
Ciona intestinalis Aqp3* XP_002131906.1 
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Appendix 3. List of selected species and their accession numbers used for 
dendrogram analyses of Aqp8/AQP8. “*” indicates the outgroup. 
Species Accession number 
Anguilla japonica Aqp8 BAH89254.1 
Anoplopoma fimbria Aqp8 ACQ57933.1 
Bos taurus AQP8 NP_001193536.1 
Clupea harengus Aqp8  XP_012694356.1 
Danio rerio Aqp8aa  AAH81511.1 
Danio rerio Aqp8ab  NP_001073651.1 
Esox lucius Aqp8  XP_010903710.1 
Fundulus heteroclitus Aqp8 XP_012721780.1 
Homo sapiens AQP8 BAA34223.1 
Ictalurus furcatus Aqp8  ADO28238.1 
Ictalurus punctatus Aqp8  AHH40575.1 
Larimichthys crocea Aqp8  KKF32023.1 
Latimeria chalumnae Aqp8  XP_005994818.1 
Maylandia zebra Aqp8  XP_004562340.1 
Mus musculus AQP8  AAB68847.1 
Mus musculus AQP8 isoform 1 NP_031500.1 
Oncorhynchus keta Aqp8 AFQ36926.1 
Oryzias dancena Aqp8 BAN17351.1 
Oryzias latipes Aqp8 XP_004080189.1 
Pan troglodytes AQP8 XP_009428791.1 
Poecilia formosa Aqp8 XP_007544163.1 
Poecilia reticulata Aqp8 XP_008434661.1 
Rattus norvegicus AQP8 BAA21918.1 
Salmo salar Aqp8aa1 AGS07438.1 
Salmo salar Aqp8ab AGS07439.1 
Salmo salar Aqp8b AGS07440.1 
Sparus aurata Aqp8 ABK20159.1 
Sus scrofa AQP8 ABW96898.1 
Takifugu rubripes Aqp8 XP_003964594.1 
Xenopus (Silurana) tropicalis Aqp8 NP_001107728.1 
Xenopus laevis Aqp8 NP_001089643.1 




Appendix 4. List of selected species and their accession numbers used for 
dendrogram analyses of Aqp11/AQP11. “*” indicates the outgroup. 
Species Accession number 
Clupea harengus Aqp11 XP_012691681.1 
Danio rerio Aqp11 XP_001921668.3 
Esox lucius Aqp11 XP_010869109.1 
Fundulus heteroclitus Aqp11 XP_012708786.1 
Homo sapiens AQP11 AAH40443.1 
Larimichthys crocea Aqp11 KKF15946.1 
Latimeria chalumnae Aqp11 XP_006006366.1 
Macaca mulatta AQP11 AFI36870.1 
Mus musculus AQP11 BAC45005.1 
Mus musculus AQP11 isoform x1 XP_011240181.1 
Notothenia coriiceps Aqp11 XP_010775066.1 
Oryzias dancena Aqp11 BAN17353.1 
Oryzias latipes Aqp11 XP_004076889.1 
Osmerus mordax Aqp11 ACO09336.1 
Pan troglodytes AQP11 JAA18394.1 
Poecilia formosa Aqp11 XP_007552419.1 
Poecilia reticulata Aqp11 XP_008424713.1 
Pundamilia nyererei Aqp11 XP_005725445.1 
Rattus norvegicus AQP11 BAC45003.1 
Stegastes partitus Aqp11 XP_008296672.1 
Sus scrofa AQP11 ABW96897.1 
Takifugu rubripes Aqp11 XP_003968270.1 
Xenopus (Silurana) tropicalis Aqp11 XP_004912256.1 




Appendix 5. List of selected species and their accession numbers used for 
dendrogram analyses of Rhag/RhAG. “*” indicates the outgroup. 
Species Accession number 
Alcolapia grahami Rhag AFZ78444.1 
Anabas testudineus Rhag AIC81181.1 
Bos taurus RhAG NP_776596.1 
Canis lupus familiaris RhAG AAX39719.1 
Cyprinus carpio Rhag AGN71674.1 
Danio rerio Rhag AAQ10011.1 
Gasterosteus aculeatus Rhag ABF69688.1 
Homo sapiens RhAG NP_000315.2 
Macaca mulatta RhAG NP_001027987.1 
Mus musculus RhAG AAI01942.1 
Oncorhynchus mykiss Rhag ABV24962.1 
Opsanus beta Rhag AEA77167.1 
Pan troglodytes RhAG NP_001009033.1 
Porichthys notatus Rhag AGA93878.1 
Rattus norvegicus RhAG EDM18672.1 
Sus scrofa RhAG XP_003128488.1 
Xenopus (Silurana) tropicalis Rhag XP_002933645.2 
Xenopus laevis Rhag BAB13345.1 




Appendix 6. List of selected species and their accession numbers used for 
dendrogram analyses of Rhbg/RhBG. “*” indicates the outgroup. 
Species Accession number 
Alcolapia grahami Rhbg AFZ78445.1 
Anabas testudineus Rhbg AIC81182.1 
Callorhinchus milii Rhbg AFP03342.1 
Canis lupus familiaris RhBG AAV40851.1 
Cyprinus carpio Rhbg AHJ59465.1 
Danio rerio Rhbg AAQ09527.1 
Gasterosteus aculeatus Rhbg ABF69689.1 
Homo sapiens RhBGA NP_065140.3 
Homo sapiens RhBGB NP_001243324.1 
Homo sapiens RhBGC NP_001243325.1 
Larimichthys crocea Rhbg KKF24588.1 
Mus musculus RhBG AAF19371.1 
Oncorhynchus mykiss Rhbg NP_001118134.1 
Opsanus beta Rhbg AEA77168.1 
Oryzias latipes Rhbg NP_001098561.1 
Porichthys notatus Rhbg AGA93879.1 
Rattus norvegicus RhBG AAN07790.1 
Squalus acanthias Rhbg AJF44128.1 
Sus scrofa RhBG AAK14651.1 
Takifugu rubripes Rhbg AAM48577.1 
Tetraodon nigroviridis Rhbg AAY41906.1 
Xenopus (Silurana) tropicalis Rhbg AAU89493.1 
Xenopus laevis Rhbga NP_001083174.1 
Xenopus laevis Rhbgb NP_001087152.1 




Appendix 7. List of selected species and their accession numbers used for 
dendrogram analyses of Rhcg/RhCG. “*” indicates the outgroup. 
Species Accession number 
Anabas testudineus Rhcg1 AIC81183.1 
Anabas testudineus Rhcg2 AIC81184.1 
Bos taurus RhCG AAK14650.1 
Callorhinchus milii Rhcg AFO96383.1 
Danio rerio Rhcg1 AAM90586.1 
Danio rerio Rhcg2a BAF63791.1 
Danio rerio Rhcg2b BAF63792.1 
Gasterosteus aculeatus Rhcg ABF69690.1 
Homo sapiens RhCG AAF19372.1 
Ictalurus punctatus Rhcg1 AHH37525.1 
Larimichthys crocea Rhcg1 KKF31984.1 
Larimichthys crocea Rhcg2 KKF19632.1 
Lipophrys pholis Rhcg1a AGU71416.1 
Lipophrys pholis Rhcg1b AGU71417.1 
Lipophrys pholis Rhcg2  AGU71418.1 
Macaca mulatta RhCG ABD72472.1 
Mus musculus RhCG AAF19373.1 
Oncorhynchus mykiss Rhcg AAU89494.1 
Oryzias latipes Rhcg  XP_004069769.1 
Pan troglodytes RhCG AAX39717.1 
Rattus norvegicus RhCG AAN07791.1 
Sus scrofa RhCG ABF69687.1 
Tetraodon nigroviridis Rhcg AAY41907.1 
Xenopus (Silurana) tropicalis Rhcg AAQ02688.1 
Xenopus laevis Rhcg NP_001088553.1 




Appendix 8. List of selected species and their accession numbers used for 
dendrogram analyses of Ut/UT. “*” indicates the outgroup. 
Species Accession number 
Alcolapia grahami Ut-a2 AAG49891.1 
Anguilla japonica Ut-a2 BAC53976.1 
Anguilla japonica Ut-c BAD66672.1 
Bos taurus UT-A2 NP_001008666.1 
Bos taurus UT-B  NP_001137574.1 
Bos taurus UT-B isoform x2  XP_005224169.1 
Callorhinchus milii Ut-a2a  BAH58773.1 
Callorhinchus milii Ut-a2b  BAH58774.1 
Callorhinchus milii Ut-c  BAH58777.1 
Callorhinchus milii UT-da  BAH58775.1 
Callorhinchus milii Ut-db  BAH58776.1 
Cynoglossus semilaevis Ut-a2  XP_008335055.1 
Danio rerio Ut-a2  NP_001018355.1 
Dasyatis sabina Ut-a2a AAQ07592.1 
Dasyatis sabina Ut-a2b AAQ23380.1 
Dasyatis sabina Ut-a2c  AAQ23381.1 
Dasyatis sabina Ut-da AAQ23379.1 
Dasyatis sabina Ut-db AAM46683.2 
Dasyatis say Ut-a2 AAQ23382.1 
Esox lucius Ut-a2  XP_010874746.1 
Homo sapiens UT-A1  AAL08485.1 
Homo sapiens UT-A2  CAA65657.1 
Homo sapiens UT-B1  CAB60834.1 
Larimichthys crocea Ut-a2  KKF10186.1 
Larimichthys crocea Ut-d isoform x1  XP_010731977.1 
Larimichthys crocea Ut-d isoform x2  KKF21937.1 
Latimeria chalumnae Ut-a2  XP_006007026.1 
Leucoraja ocellata Ut-a2 AAL12243.1 
Mus musculus UT-A1 AAM00357.1 
Mus musculus UT-A2 AAM21206.1 
Mus musculus UT-A3  AAG32168.1 
Mus musculus UT-A5  AAG32167.1 
Mus musculus UT-B  AAL47138.1 
Opsanus beta Ut-a2  AAD53268.2 
Oryzias latipes Ut-a2  XP_004072672.2 
Pelophylax esculentus Ut-a2  CAA73322.1 
Poecilia formosa Ut-a2  XP_007559324.1 
Porichthys notatus Ut-a2  AGA93882.1 
Rana pipiens Ut-a2  AFE48182.1 
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Appendix 8 (continued) 
Species Accession number 
Rana septentrionalis Ut-a2  AFE48183.1 
Rana sylvatica Ut-a2  AFE48181.1 
Rattus norvegicus UT-A1 AAB50197.1 
Rattus norvegicus UT-A2  AAB39937.1 
Rattus norvegicus UT-A3  AAD23098.1 
Rattus norvegicus UT-A4  AAD23099.1 
Rattus norvegicus UT-B  NP_062219.2 
Rhinella marina Ut-a2  BAE16706.1 
Scyliorhinus canicula Ut-a2  AEH59797.1 
Squalus acanthias Ut-a2  AAF66072.1 
Takifugu rubripes Ut-a2  BAD66674.1 
Takifugu rubripes Ut-c  NP_001033079.1 
Triakis scyllium Ut-a2 BAC75980.1 
Xiphophorus maculatus Ut-a2 XP_005804110.1 




Appendix 9. List of 42 Protopterus annectens Sanger sequences used for in 
silico validation. 
Description of Protopterus annectens Sanger sequences Accession 
number 
Protopterus annectens aqp0  AB513618.1 
Protopterus annectens aqp0p AB474277.1 
Protopterus annectens aqp1aa AB499798.1 
Protopterus annectens aqp3a AB499799.1 
Protopterus annectens asl  KC513736.1 
Protopterus annectens ass KC513735.1 
Protopterus annectens bhmt1  KJ856914.1 
Protopterus annectens catalase  KC620445.1 
Protopterus annectens copper-zinc superoxide dismutase  KC620446.1 
Protopterus annectens dm20 AB038774.1 
Protopterus annectens epithelial sodium channel alpha  AB857723.1 
Protopterus annectens epithelial sodium channel beta AB857724.1 
Protopterus annectens epithelial sodium channel gamma AB857725.1 
Protopterus annectens estrogen receptor alpha AB435636.1 
Protopterus annectens estrogen receptor beta AB435637.1 
Protopterus annectens ghrelin receptor 1b AB897784.1 
Protopterus annectens ghsr mRNA for ghrelin receptor 1a AB897783.1 
Protopterus annectens growth hormone precursor AF062745.2 
Protopterus annectens gulo KC465464.1 
Protopterus annectens hypoxia-inducible factor 1 alpha JQ031040.1 
Protopterus annectens immunoglobulin heavy chain mu1 
secretory form  
KC849709.1 
Protopterus annectens immunoglobulin heavy chain mu2 
secretory form  
KC849710.1 
Protopterus annectens immunoglobulin heavy chain mu3 
secretory form  
KC849711.1 
Protopterus annectens interferon regulatory factor 1 HQ873639.1 
Protopterus annectens manganese superoxide dismutase KC620447.1 
Protopterus annectens mesotocin receptor AB669200.1 
Protopterus annectens Na+/K+-ATPase alpha-subunit 1  JX879765.1 
Protopterus annectens Na+/K+-ATPase alpha-subunit 2  JX879766.1 
Protopterus annectens Na+/K+-ATPase alpha-subunit 3  JX879767.1 
Protopterus annectens prepro-mesotocin AB377530.1 
Protopterus annectens pre-prosomatostatin 2  AF126244.1 
Protopterus annectens prepro-vasotocin AB377529.1 
Protopterus annectens proenkephalin  AF232670.1 
Protopterus annectens proopiomelanocortin AB017199.1 
Protopterus annectens proopiomelanocortin AF100164.1 
Protopterus annectens somatolactin AB017766.1 
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Appendix 9 (continued) 
Description of Protopterus annectens Sanger sequences Accession 
number 
Protopterus annectens somatolactin precursor AF062744.2 
Protopterus annectens tissue-type brain somatostatin precursor 
1  
AF126243.1 
Protopterus annectens ut-a2a EU716115.1 
Protopterus annectens vasotocin type1 receptor AB377531.1 
Protopterus annectens vasotocin type1b receptor AB669614.1 
Protopterus annectens vasotocin type2 receptor AB377532.1 
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Appendix 10. The nucleotide sequence of the coding region of aquaporin 1aa 
(aqp1aa) and the translated amino acid sequence of Aqp1aa of Protopterus 
annectens. The stop codon is indicated with an asterisk. 
 
  
10 20 30 40 50 60
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
A T G G C C A G A G A G T A C C A A A G C A A G C T C T T C T G G A G A G C T G T G G T T G C A G A A T T T G T A G C C
 M   A   R   E   Y   Q   S   K   L   F   W   R   A   V   V   A   E   F   V   A  
70 80 90 100 110 120
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
A T G A C T G T C T T T G T T T T T G T C A G T A T T A G T T C A G C A G T G G G G T T C A A A A T G T C C A G T G G A
 M   T   V   F   V   F   V   S   I   S   S   A   V   G   F   K   M   S   S   G  
130 140 150 160 170 180
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
T C C A A C C C T C A A C A A G A T A A T G T A A A G G T C T C A T T G G C T T T T G G G C T A G C C A T T G C A A C C
 S   N   P   Q   Q   D   N   V   K   V   S   L   A   F   G   L   A   I   A   T  
190 200 210 220 230 240
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
A T G G C C C A A A G T G T A G G C C A T A T T A G T G G T G C T C A C C T T A A T C C T G C G G T G A C C C T T G G A
 M   A   Q   S   V   G   H   I   S   G   A   H   L   N   P   A   V   T   L   G  
250 260 270 280 290 300
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
C T G T T A G T G A G C T C A C A G T T A A G C C T G T T C A G G G C G G C A A T G T A T A T C A C C T C T C A A A T G
 L   L   V   S   S   Q   L   S   L   F   R   A   A   M   Y   I   T   S   Q   M  
310 320 330 340 350 360
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
C T G G G T T C T G T G G T G T C C G C T T C T A T T C T G C A C G G A G T C A T T C C T G G C A G A A A T C A C A C A
 L   G   S   V   V   S   A   S   I   L   H   G   V   I   P   G   R   N   H   T  
370 380 390 400 410 420
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
C T G G G A C A A A A C C A G T T G G A T G A A A A T G T A A C T G T G G G A C A A G G C A T G A T C A T T G A A A T C
 L   G   Q   N   Q   L   D   E   N   V   T   V   G   Q   G   M   I   I   E   I  
430 440 450 460 470 480
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
T T C A T C A C C T T C C A G T T G G T T C T C T G T G T C T T A G C A A C T A C T G A C A A A A G A A G A A A G G A C
 F   I   T   F   Q   L   V   L   C   V   L   A   T   T   D   K   R   R   K   D  
490 500 510 520 530 540
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
C T T T C A G G T T C T G C C C C A C T G G C C A T T G G A C T C T C T G T T G C T T T A G G A C A T C T T T G T G C A
 L   S   G   S   A   P   L   A   I   G   L   S   V   A   L   G   H   L   C   A  
550 560 570 580 590 600
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
A T T G A C T A T A C T G G C T G T G G A A T G A A T C C A G C A A G A T C T T T T G G T C C A G C T G T A T T T A T A
 I   D   Y   T   G   C   G   M   N   P   A   R   S   F   G   P   A   V   F   I  
610 620 630 640 650 660
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G G A T T T G A A A A T C A C T G G G T T T A T T G G A T T G G C C C T G T G A T T G G A G G A A T T G C A G C T T C C
 G   F   E   N   H   W   V   Y   W   I   G   P   V   I   G   G   I   A   A   S  
670 680 690 700 710 720
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
T T C T T T T A T G A C T T C A T C C T G T T T C C A A G A A A C T A C A G C A T A T C A G A G C G C C T G A A A G C A
 F   F   Y   D   F   I   L   F   P   R   N   Y   S   I   S   E   R   L   K   A  
730 740 750 760 770 780
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
T T C A C T G G C G G C A A T G T T G A A G A G T A T G A C T T A G A T G G A G A G G A A G C A A C C A C A A G G G T A
 F   T   G   G   N   V   E   E   Y   D   L   D   G   E   E   A   T   T   R   V  
790
. . . . | . . . . | . . . . | . . .
G A G A T G A A A C C A A A A T A A
 E   M   K   P   K   *  
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Appendix 11. The nucleotide sequence of the coding region of aquaporin 3a 
(aqp3a) and the translated amino acid sequence of Aqp3a of Protopterus 
annectens. The stop codon is indicated with an asterisk. 
 
10 20 30 40 50 60
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
A T G G G A A T G C A A A A G G A A T G T C T C T C A A A A G T T G G C A A T T T C T T A A G A A T C A A A A A T A A A
 M   G   M   Q   K   E   C   L   S   K   V   G   N   F   L   R   I   K   N   K  
70 80 90 100 110 120
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
C T G T T A A G G C A A G C T T T G G C A G A A T G T T T G G G G A C G T T A A T A C T T G T G A T G T T T G G C T G T
 L   L   R   Q   A   L   A   E   C   L   G   T   L   I   L   V   M   F   G   C  
130 140 150 160 170 180
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G G A T C A G T A G C A C A A G T T G T C C T T A G T G A G G G T C A A A A G G G A C G T T T C C T A A C A G T C A A C
 G   S   V   A   Q   V   V   L   S   E   G   Q   K   G   R   F   L   T   V   N  
190 200 210 220 230 240
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
T T A G C C T T T G G A T T T G C T G T G A C C C T T G G G A T C C T T G T A T G T G G A C A A G T A T C T G G T G G T
 L   A   F   G   F   A   V   T   L   G   I   L   V   C   G   Q   V   S   G   G  
250 260 270 280 290 300
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
C A T C T A A A T C C A G C T G T G A C C T T T G C T T T A T G C C T A C T T G G T C G T G A C A G G T G G C G C A A A
 H   L   N   P   A   V   T   F   A   L   C   L   L   G   R   D   R   W   R   K  
310 320 330 340 350 360
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
T T C C C A A T A T A T T T C T T T G C T C A G A C A G T A G G C T C A T T T A T T G C C G C T G C T A T C A T C T A T
 F   P   I   Y   F   F   A   Q   T   V   G   S   F   I   A   A   A   I   I   Y  
370 380 390 400 410 420
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G G A C T G T A C T T T G A T G C T C T G A T G A A C T A T G G A G G T G G T C A A C T G A G A G T A A C A G G A G C T
 G   L   Y   F   D   A   L   M   N   Y   G   G   G   Q   L   R   V   T   G   A  
430 440 450 460 470 480
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
A A T T C A A C A G C T G G A A T C T T T G C A A C C T A T C C A G G A G A A C A T C T C A C A A C G C T A A A T G G A
 N   S   T   A   G   I   F   A   T   Y   P   G   E   H   L   T   T   L   N   G  
490 500 510 520 530 540
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
T T C T T T G A T C A G C T C A T T G G C A C A G C A G C T C T G A T T G T C T G T A T C C T T G C G A T T G T C G A T
 F   F   D   Q   L   I   G   T   A   A   L   I   V   C   I   L   A   I   V   D  
550 560 570 580 590 600
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
C C T T A C A A C A A C C C T A T T C C C A G A C A T C T A G A G G C A T T C A C T G T T G G A T T T G T G G T C C T G
 P   Y   N   N   P   I   P   R   H   L   E   A   F   T   V   G   F   V   V   L  
610 620 630 640 650 660
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G T C A T C G G T C T T T C A A T G G G A C T G A A T T C T G G A T A T G C T G T T A A T C C T G C T A G G G A C T T T
 V   I   G   L   S   M   G   L   N   S   G   Y   A   V   N   P   A   R   D   F  
670 680 690 700 710 720
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G G A C C C C G A C T T T T C A C A G C A A T G G C T G G A T G G G G C T C A G A G G T T T T C A C T G C T G G A T C A
 G   P   R   L   F   T   A   M   A   G   W   G   S   E   V   F   T   A   G   S  
730 740 750 760 770 780
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
C A C T G G T G G T G G G T A C C T A T A A T T T C C C C A T T T A T T G G A A C A G T T A T T G G A A C A G C A G T A
 H   W   W   W   V   P   I   I   S   P   F   I   G   T   V   I   G   T   A   V  
790 800 810 820 830 840
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
T A C C A G A T A A T G A T T G G T A T C C A T G T T G A A C T C G A T G T T C C T G C A A G C C C T A G C A C C C C A
 Y   Q   I   M   I   G   I   H   V   E   L   D   V   P   A   S   P   S   T   P  
850 860 870 880
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . .
G A A G A A G C T G T C A A G C T G G C A A A A A T A A A G G C A A A T G A A A C T G C A T G A
 E   E   A   V   K   L   A   K   I   K   A   N   E   T   A   *  
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Appendix 12. The nucleotide sequence of the coding region of aquaporin 8aa 
(aqp8aa) and the translated amino acid sequence of Aqp8aa of Protopterus 
annectens. The stop codon is indicated with an asterisk. 
 
  
10 20 30 40 50 60
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
A T G T C C A G A A T G A G C A T T G A A G A G G A G G A T G C T A A G G A A A A A A A C T G T A A T T C G A A G A C A
 M   S   R   M   S   I   E   E   E   D   A   K   E   K   N   C   N   S   K   T  
70 80 90 100 110 120
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G T C A G T G T A T A T G A G A A G T A T G T T C A G A G T T G C T T T G C A G A A C T T C T G G G C G C T G C T T T T
 V   S   V   Y   E   K   Y   V   Q   S   C   F   A   E   L   L   G   A   A   F  
130 140 150 160 170 180
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
A T T G T C T T C A C A G G G T G T C T G T C A G T C A T T G A A A A T G T G G A A G G A A C G G G A A G A T T G C A G
 I   V   F   T   G   C   L   S   V   I   E   N   V   E   G   T   G   R   L   Q  
190 200 210 220 230 240
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
C C T G C A G T C A C A C A T G G G T T T G C T G T G G G G A T T A G T G T A G C A A T C T T T G A A A A C A T T A G T
 P   A   V   T   H   G   F   A   V   G   I   S   V   A   I   F   E   N   I   S  
250 260 270 280 290 300
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G G T G G T C A T T T T A A T C C A G C C G T G T C C C T G A A T G T G T G T C T G A T T G G A G G A C T T A A C T T C
 G   G   H   F   N   P   A   V   S   L   N   V   C   L   I   G   G   L   N   F  
310 320 330 340 350 360
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
A T G C T C C T G A T T C C T T A T T G T G T C A G T C A G C T A T G C G G T G G T T T G G T A G G A G C A G C C C T G
 M   L   L   I   P   Y   C   V   S   Q   L   C   G   G   L   V   G   A   A   L  
370 380 390 400 410 420
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G C G A A A G C A G T G A C A A C T A A T G A A A A T T T T G C T A A T G C T T C T G G A G C A G C T A T C A A T A T T
 A   K   A   V   T   T   N   E   N   F   A   N   A   S   G   A   A   I   N   I  
430 440 450 460 470 480
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
A T A A C T G C A G A T G A C C A G A T A A C C A G G G C T G T T G T G G C T G A A A T T A T C C T G A C G T C C C T T
 I   T   A   D   D   Q   I   T   R   A   V   V   A   E   I   I   L   T   S   L  
490 500 510 520 530 540
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
T T A C T T T T A A C T G T G A G C A T G G G C G C T A T C A A T G A G A A G A G C A G G A C G C C A C T G G C T C C A
 L   L   L   T   V   S   M   G   A   I   N   E   K   S   R   T   P   L   A   P  
550 560 570 580 590 600
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
T T C A G C A T T G G A C T T A C A G T C A C C A C T T G T A T C C T T G C T G G A G G T G A T A T T T C C G G A G C T
 F   S   I   G   L   T   V   T   T   C   I   L   A   G   G   D   I   S   G   A  
610 620 630 640 650 660
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
T G C A T G A A T C C T G C C A G A G C A T T T G G T C C A G C A G T T G T G T C T G G C A T C T G G G C A T A C C A C
 C   M   N   P   A   R   A   F   G   P   A   V   V   S   G   I   W   A   Y   H  
670 680 690 700 710 720
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
T G G G T C T A C T G G G T T G G A C C T A T A G T T G C A G C A T T C A T C A T T G G A G C A C T T T T G A G A C T A
 W   V   Y   W   V   G   P   I   V   A   A   F   I   I   G   A   L   L   R   L  
730 740 750
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . .
C T T C T C G G A G A C A A T A A A A T A C G T C T T T T T C T G A A G T G A
 L   L   G   D   N   K   I   R   L   F   L   K   *  
 434 
 
Appendix 13. The nucleotide sequence of the coding region of aquaporin 11 
(aqp11) and the translated amino acid sequence of Aqp11 of Protopterus 
annectens. The stop codon is indicated with an asterisk. 
 
10 20 30 40 50 60
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
A T G T A T C G A A G G T G G T T A T T T T C G T T T A T A C C G G G T C A T G A C T C T A A C C T T T T C T T G T C A
 M   Y   R   R   W   L   F   S   F   I   P   G   H   D   S   N   L   F   L   S  
70 80 90 100 110 120
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
T T G A C A G T G C T G A C T T T T A T C G T T G T A T G T T G T G A G G T G G C A C G C C G G T T T A C A C G G A A A
 L   T   V   L   T   F   I   V   V   C   C   E   V   A   R   R   F   T   R   K  
130 140 150 160 170 180
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G C C C T A G C T C C T C A T G C T C C G G T G T G C A C G G A C G C T G T C A T A G A G T T C A T C T C C A C T T T T
 A   L   A   P   H   A   P   V   C   T   D   A   V   I   E   F   I   S   T   F  
190 200 210 220 230 240
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
C A G C T T T G C G C T T G C A G T C A T G A G C T G C G C T T A C T T T C T G A T A A C A G C G T G G T G G A T T T G
 Q   L   C   A   C   S   H   E   L   R   L   L   S   D   N   S   V   V   D   L  
250 260 270 280 290 300
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
A C T G T T G G C T T A A G T C T T A T T T A T A T T A T T A C T G T T G T G C A C G G A C T C A C G T T T G A T G G G
 T   V   G   L   S   L   I   Y   I   I   T   V   V   H   G   L   T   F   D   G  
310 320 330 340 350 360
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G C A T T G T G T A A C C C A A C G T G G G C A C T T G A A C G G A C C T T C C A G T G C C C G G G G T C A T G G A A G
 A   L   C   N   P   T   W   A   L   E   R   T   F   Q   C   P   G   S   W   K  
370 380 390 400 410 420
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
A T A G T C A C G C T G A A A C T T G C C T G C C A G T T T G C T G C A G C G G T A G C C G G T A G G G T C G G T A C A
 I   V   T   L   K   L   A   C   Q   F   A   A   A   V   A   G   R   V   G   T  
430 440 450 460 470 480
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G A G G T T A T T T G G T C C T G G G G G C T G T C C G A G T T G C A C C A G A A A C A T C T C T T G C A T A A G T T T
 E   V   I   W   S   W   G   L   S   E   L   H   Q   K   H   L   L   H   K   F  
490 500 510 520 530 540
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
A A G T G C T G G A G T G G A C T G C A C A C A A C T G T G C T T C A A G G G G C T G C A G T G G A G C T G G C G T G C
 K   C   W   S   G   L   H   T   T   V   L   Q   G   A   A   V   E   L   A   C  
550 560 570 580 590 600
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
A C C T T T A C T C T C C A C G C C A C T G T C A T G C A C C T T C T G C A C T T T G A A A C C A A A T A C A G A G T T
 T   F   T   L   H   A   T   V   M   H   L   L   H   F   E   T   K   Y   R   V  
610 620 630 640 650 660
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
C A T T T C G T G G C T G C A A T C A T C G C T G T C C T T G T T T A T G C A G G T G G G A G T C G T A C A G G A G C T
 H   F   V   A   A   I   I   A   V   L   V   Y   A   G   G   S   R   T   G   A  
670 680 690 700 710 720
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G C T A T T A A C C C T G C A T T G G C A T A T T C T C T G T T C T T T C A T T G C A C T G G A A A T T C A T T T C A G
 A   I   N   P   A   L   A   Y   S   L   F   F   H   C   T   G   N   S   F   Q  
730 740 750 760 770 780
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G A G T A T G T C T T T G T A T A C T G G G T A G G A C C A G T G C T G G G T A T G G T G T T T G C T G T A A T G C T T
 E   Y   V   F   V   Y   W   V   G   P   V   L   G   M   V   F   A   V   M   L  
790 800 810 820 830 840
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
T T G G A C A G A G T C C G T C C T C A A C T C T C C A A G C A A C A T G G A A A A C A G C A A G C T A C T C T A T C T
 L   D   R   V   R   P   Q   L   S   K   Q   H   G   K   Q   Q   A   T   L   S  
850 860 870
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G T A A A T A G A C C T G A C A A T A A A A C T G A T T A G
 V   N   R   P   D   N   K   T   D   *  
 435 
 
Appendix 14. The nucleotide sequence of the coding region of rhesus blood 
group-associated glycoprotein (rhag) and the translated amino acid sequence 
of Rhag of Protopterus annectens. The stop codon is indicated with an asterisk. 
 
  
10 20 30 40 50 60
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
A T G C C T T C A C A T T A T A C A A C C A A T A T G A G G T T T A A G T T T C C T A T A C T A G C C A T T T G T T T G
 M   P   S   H   Y   T   T   N   M   R   F   K   F   P   I   L   A   I   C   L  
70 80 90 100 110 120
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G A A A T A A T C A T C A T T A T T T T A T T T G G A G T T T T T G T G G G C T A T G A A A C A A A T G A T G G T G G C
 E   I   I   I   I   I   L   F   G   V   F   V   G   Y   E   T   N   D   G   G  
130 140 150 160 170 180
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
T C T G G C C A T G G T C A C T C A G G A A A C A A C A G C G T A C C A G A T A A G T T T A T A A C C C C A T A T C C C
 S   G   H   G   H   S   G   N   N   S   V   P   D   K   F   I   T   P   Y   P  
190 200 210 220 230 240
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
A T G T T C C A A G A T G T C C A T G T C A T G A T A T T T G T T G G T T T T G G T T T C C T A A T G A C A T T C C T G
 M   F   Q   D   V   H   V   M   I   F   V   G   F   G   F   L   M   T   F   L  
250 260 270 280 290 300
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
A A G A G A T A T G G C T T T A C C A G T G T T G G G A T C A A C A T G C T T A T T G C T G C T T T G G G A C T T C A G
 K   R   Y   G   F   T   S   V   G   I   N   M   L   I   A   A   L   G   L   Q  
310 320 330 340 350 360
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
T G G G G C A T C C T C A T G C A A G G A T G G T G G C A C T C A C A T A G T C A T T C A A T T A A A A T G A C T G T T
 W   G   I   L   M   Q   G   W   W   H   S   H   S   H   S   I   K   M   T   V  
370 380 390 400 410 420
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
C T C A G T A T G A T A A A T G C C G A T T T C A G C A C A G C A A C A G T T C T G A T C T C C T T C G G C G C A G T C
 L   S   M   I   N   A   D   F   S   T   A   T   V   L   I   S   F   G   A   V  
430 440 450 460 470 480
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
T T A G G A A A A A T A A G T C C T G T G C A G A T G C T G A T C A T G A C A A T T A T A G A G A T A A C G A T A T T T
 L   G   K   I   S   P   V   Q   M   L   I   M   T   I   I   E   I   T   I   F  
490 500 510 520 530 540
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G C A A C A A A C G A G C A T C T A G T A G T T G A A A T A C T T A A G G C A A G T G A T G T T G G T G C A T C G A T G
 A   T   N   E   H   L   V   V   E   I   L   K   A   S   D   V   G   A   S   M  
550 560 570 580 590 600
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
A C T A T C C A T G C T T T C G G T G C A T A T T T T G G C C T T G C A G T A G C A C G T G T C C T T T A T C G T T C A
 T   I   H   A   F   G   A   Y   F   G   L   A   V   A   R   V   L   Y   R   S  
610 620 630 640 650 660
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G G A C T T A G G A A T G G T C A C G A T A A T G A A G G G T C T G T G T A C C A C T C T G A C T T A T T T G C T A T G
 G   L   R   N   G   H   D   N   E   G   S   V   Y   H   S   D   L   F   A   M  
670 680 690 700 710 720
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
A T T G G T A C T A T T T T C C T T T G G A T G T T C T G G C C A A G C T T T A A T T C T G C C A T T G C T G A T G C T
 I   G   T   I   F   L   W   M   F   W   P   S   F   N   S   A   I   A   D   A  
730 740 750 760 770 780
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G G A A T T A A T C A A C A C A G A G C T A T T A T C A A C A C C T A C C T C T C A C T G G C T G C C T G T G T G C T C
 G   I   N   Q   H   R   A   I   I   N   T   Y   L   S   L   A   A   C   V   L  
790 800 810 820 830 840
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G T G G C T T T T G C T G T A T C A A G C C T T G T T C A A G A G A A A G G A A A A T T A G A T A T G G T T C A C A T C
 V   A   F   A   V   S   S   L   V   Q   E   K   G   K   L   D   M   V   H   I  
850 860 870 880 890 900
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
C A G A A T G C T A C T C T G G C A G G A G G G G T C G C A G T T G G T A C A T G T G C T G A C A T G A A C A T C A G C
 Q   N   A   T   L   A   G   G   V   A   V   G   T   C   A   D   M   N   I   S  
910 920 930 940 950 960
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
C C T T A T G G T G C A A T G C T T A T T G G C T T T G T A G C T G G A T C T A T T T C T A C A G T A G G A T T C A A G
 P   Y   G   A   M   L   I   G   F   V   A   G   S   I   S   T   V   G   F   K  
970 980 990 1000 1010 1020
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
T T T T T G A C A C C A G T T C T A G C T T C A A A G A T G A A G A T T C A G G A C A C C T G T G G G G T A C A C A A T
 F   L   T   P   V   L   A   S   K   M   K   I   Q   D   T   C   G   V   H   N  
1030 1040 1050 1060 1070 1080
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
C T A C A T G G A C T A C C A G G T C T T T T A G G A G G C A T T G C T G G A A T C A T T G C A A C A A G C A T G G G G
 L   H   G   L   P   G   L   L   G   G   I   A   G   I   I   A   T   S   M   G  
1090 1100 1110 1120 1130 1140
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G C T A A G A A G G A C T A T A G T C C T A C A A T G C A G G C T G C T G C C C T G G C A T C T T C T G T T G G C G T T
 A   K   K   D   Y   S   P   T   M   Q   A   A   A   L   A   S   S   V   G   V  
1150 1160 1170 1180 1190 1200
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G C C C T C G T T G G A G G T A C A C T T A C A G G T T T T C T T C T G A A A T T G C C T T T C T G G G G A C A G C C A
 A   L   V   G   G   T   L   T   G   F   L   L   K   L   P   F   W   G   Q   P  
1210 1220 1230 1240 1250 1260
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
C C T G A C C A A A A C T G C T A T G A T G A C A G T A T T T A C T G G G A G G T T C C T G A G G A A G A A G A G G C A
 P   D   Q   N   C   Y   D   D   S   I   Y   W   E   V   P   E   E   E   E   A  
1270 1280 1290 1300 1310
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | .
C A C G G A G G T T C A G C A C A T G G A G A T C A A A A T A C T T T A A A G T C T G A T G C A T A A





10 20 30 40 50 60
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
A T G C C T T C A C A T T A T A C A A C C A A T A T G A G G T T T A A G T T T C C T A T A C T A G C C A T T T G T T T G
 M   P   S   H   Y   T   T   N   M   R   F   K   F   P   I   L   A   I   C   L  
70 80 90 100 110 120
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G A A A T A A T C A T C A T T A T T T T A T T T G G A G T T T T T G T G G G C T A T G A A A C A A A T G A T G G T G G C
 E   I   I   I   I   I   L   F   G   V   F   V   G   Y   E   T   N   D   G   G  
130 140 150 160 170 180
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
T C T G G C C A T G G T C A C T C A G G A A A C A A C A G C G T A C C A G A T A A G T T T A T A A C C C C A T A T C C C
 S   G   H   G   H   S   G   N   N   S   V   P   D   K   F   I   T   P   Y   P  
190 200 210 220 230 240
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
A T G T T C C A A G A T G T C C A T G T C A T G A T A T T T G T T G G T T T T G G T T T C C T A A T G A C A T T C C T G
 M   F   Q   D   V   H   V   M   I   F   V   G   F   G   F   L   M   T   F   L  
250 260 270 280 290 300
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
A A G A G A T A T G G C T T T A C C A G T G T T G G G A T C A A C A T G C T T A T T G C T G C T T T G G G A C T T C A G
 K   R   Y   G   F   T   S   V   G   I   N   M   L   I   A   A   L   G   L   Q  
310 320 330 340 350 360
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
T G G G G C A T C C T C A T G C A A G G A T G G T G G C A C T C A C A T A G T C A T T C A A T T A A A A T G A C T G T T
 W   G   I   L   M   Q   G   W   W   H   S   H   S   H   S   I   K   M   T   V  
370 380 390 400 410 420
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
C T C A G T A T G A T A A A T G C C G A T T T C A G C A C A G C A A C A G T T C T G A T C T C C T T C G G C G C A G T C
 L   S   M   I   N   A   D   F   S   T   A   T   V   L   I   S   F   G   A   V  
430 440 450 460 470 480
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
T T A G G A A A A A T A A G T C C T G T G C A G A T G C T G A T C A T G A C A A T T A T A G A G A T A A C G A T A T T T
 L   G   K   I   S   P   V   Q   M   L   I   M   T   I   I   E   I   T   I   F  
490 500 510 520 530 540
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G C A A C A A A C G A G C A T C T A G T A G T T G A A A T A C T T A A G G C A A G T G A T G T T G G T G C A T C G A T G
 A   T   N   E   H   L   V   V   E   I   L   K   A   S   D   V   G   A   S   M  
550 560 570 580 590 600
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
A C T A T C C A T G C T T T C G G T G C A T A T T T T G G C C T T G C A G T A G C A C G T G T C C T T T A T C G T T C A
 T   I   H   A   F   G   A   Y   F   G   L   A   V   A   R   V   L   Y   R   S  
610 620 630 640 650 660
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G G A C T T A G G A A T G G T C A C G A T A A T G A A G G G T C T G T G T A C C A C T C T G A C T T A T T T G C T A T G
 G   L   R   N   G   H   D   N   E   G   S   V   Y   H   S   D   L   F   A   M  
670 680 690 700 710 720
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
A T T G G T A C T A T T T T C C T T T G G A T G T T C T G G C C A A G C T T T A A T T C T G C C A T T G C T G A T G C T
 I   G   T   I   F   L   W   M   F   W   P   S   F   N   S   A   I   A   D   A  
730 740 750 760 770 780
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G G A A T T A A T C A A C A C A G A G C T A T T A T C A A C A C C T A C C T C T C A C T G G C T G C C T G T G T G C T C
 G   I   N   Q   H   R   A   I   I   N   T   Y   L   S   L   A   A   C   V   L  
790 800 810 820 830 840
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G T G G C T T T T G C T G T A T C A A G C C T T G T T C A A G A G A A A G G A A A A T T A G A T A T G G T T C A C A T C
 V   A   F   A   V   S   S   L   V   Q   E   K   G   K   L   D   M   V   H   I  
850 860 870 880 890 900
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
C A G A A T G C T A C T C T G G C A G G A G G G G T C G C A G T T G G T A C A T G T G C T G A C A T G A A C A T C A G C
 Q   N   A   T   L   A   G   G   V   A   V   G   T   C   A   D   M   N   I   S  
910 920 930 940 950 960
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
C C T T A T G G T G C A A T G C T T A T T G G C T T T G T A G C T G G A T C T A T T T C T A C A G T A G G A T T C A A G
 P   Y   G   A   M   L   I   G   F   V   A   G   S   I   S   T   V   G   F   K  
970 980 990 1000 1010 1020
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
T T T T T G A C A C C A G T T C T A G C T T C A A A G A T G A A G A T T C A G G A C A C C T G T G G G G T A C A C A A T
 F   L   T   P   V   L   A   S   K   M   K   I   Q   D   T   C   G   V   H   N  
1030 1040 1050 1060 1070 1080
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
C T A C A T G G A C T A C C A G G T C T T T T A G G A G G C A T T G C T G G A A T C A T T G C A A C A A G C A T G G G G
 L   H   G   L   P   G   L   L   G   G   I   A   G   I   I   A   T   S   M   G  
1090 1100 1110 1120 1130 1140
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G C T A A G A A G G A C T A T A G T C C T A C A A T G C A G G C T G C T G C C C T G G C A T C T T C T G T T G G C G T T
 A   K   K   D   Y   S   P   T   M   Q   A   A   A   L   A   S   S   V   G   V  
1150 1160 1170 1180 1190 1200
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G C C C T C G T T G G A G G T A C A C T T A C A G G T T T T C T T C T G A A A T T G C C T T T C T G G G G A C A G C C A
 A   L   V   G   G   T   L   T   G   F   L   L   K   L   P   F   W   G   Q   P  
1210 1220 1230 1240 1250 1260
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
C C T G A C C A A A A C T G C T A T G A T G A C A G T A T T T A C T G G G A G G T T C C T G A G G A A G A A G A G G C A
 P   D   Q   N   C   Y   D   D   S   I   Y   W   E   V   P   E   E   E   E   A  
1270 1280 1290 1300 1310
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | .
C A C G G A G G T T C A G C A C A T G G A G A T C A A A A T A C T T T A A A G T C T G A T G C A T A A
 H   G   G   S   A   H   G   D   Q   N   T   L   K   S   D   A   *  
 437 
 
Appendix 15. The nucleotide sequence of the coding region of rhesus family B 
glycoprotein (rhbg) and the translated amino acid sequence of Rhbg of 
Protopterus annectens. The stop codon is indicated with an asterisk. 
 
  
10 20 30 40 50 60
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
A T G A C A G C T C A C G C C A C T A G C A T G A G G G T C A A G C T G C C T G T T G T C T G T A T C A T C T T G G A A
 M   T   A   H   A   T   S   M   R   V   K   L   P   V   V   C   I   I   L   E  
70 80 90 100 110 120
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G G T G T C A C A A T G G T G C T C T T T G C C A T C T T T G T G C G G T A T G A C A A G G A A A C A G A T C C A A A A
 G   V   T   M   V   L   F   A   I   F   V   R   Y   D   K   E   T   D   P   K  
130 140 150 160 170 180
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G A A T G G C A C A T G C T T T T G G G C A A G A A T G G G T C T C A T G A T G A T A A A A A T A T T G A C A A T G A C
 E   W   H   M   L   L   G   K   N   G   S   H   D   D   K   N   I   D   N   D  
190 200 210 220 230 240
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
T T C T A C T T C C G C T A T C C T A G C T T T C A A G A T G T A C A T G T G A T G A T A T T T A T A G G C T T C G G T
 F   Y   F   R   Y   P   S   F   Q   D   V   H   V   M   I   F   I   G   F   G  
250 260 270 280 290 300
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
T T C C T A A T G A C A T T C C T A A A A C G T T A T G G C T T T G G G A G T G T T G G C T T T A A C T T C C T A A T T
 F   L   M   T   F   L   K   R   Y   G   F   G   S   V   G   F   N   F   L   I  
310 320 330 340 350 360
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G C C T C C T T T G G G A T C C A G T G G G C A G C A T T A A T G C A G G G C T T C T T T C A C T C C T T A G A A G A A
 A   S   F   G   I   Q   W   A   A   L   M   Q   G   F   F   H   S   L   E   E  
370 380 390 400 410 420
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G A T A A T A A A A T T C A T G T T G G T A T A G A A A G T A T G A T C A A C G C T G A A T T C T G T A C A G G A A G T
 D   N   K   I   H   V   G   I   E   S   M   I   N   A   E   F   C   T   G   S  
430 440 450 460 470 480
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G T A T T G A T T T C A T T T G G A G G T G T C C T T G G C A A G A C A A G T C C T G T C C A G C T T C T G G T G A T G
 V   L   I   S   F   G   G   V   L   G   K   T   S   P   V   Q   L   L   V   M  
490 500 510 520 530 540
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
A C T A T C T T T G A A A C A A C A T T G T T T G C G A T T A A C G A A T A T A T T G T T G T G A G C G T G C T G G G G
 T   I   F   E   T   T   L   F   A   I   N   E   Y   I   V   V   S   V   L   G  
550 560 570 580 590 600
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G C A A A G G A T G C T G G G G G A T C C A T G A C C A T T C A T A C C T T T G G A G C A T A C T T T G G A C T G A C T
 A   K   D   A   G   G   S   M   T   I   H   T   F   G   A   Y   F   G   L   T  
610 620 630 640 650 660
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G T A G C A C G G G T T C T T T A T C G A C C A G A T C T A C A C A A G A G C A G A C A C A G A G A A G G C T C T G T G
 V   A   R   V   L   Y   R   P   D   L   H   K   S   R   H   R   E   G   S   V  
670 680 690 700 710 720
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
T A T C A C T C T G A T A T C T T T G C T A T G A T T G G A A C C G T C T A T T T G T G G A T G T T C T G G C C C A G C
 Y   H   S   D   I   F   A   M   I   G   T   V   Y   L   W   M   F   W   P   S  
730 740 750 760 770 780
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
T T T A A C T C A G C C G T T A C T A T C C A T G G A G A T G A C C A G C A T A G G A C A G T T A T G A A T A C G T A C
 F   N   S   A   V   T   I   H   G   D   D   Q   H   R   T   V   M   N   T   Y  
790 800 810 820 830 840
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
T A C T C C C T G G C A G C C T G C A C C C T T G C T G C A T A C G C T A T A T C G G C A C T G G T G A A C C A C G A G
 Y   S   L   A   A   C   T   L   A   A   Y   A   I   S   A   L   V   N   H   E  
850 860 870 880 890 900
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G G C A A G C T A G A C A T G G T C C A C A T C C A G A A T G C A A C G C T T G C A G G A G G G G T T G C T G T T G G T
 G   K   L   D   M   V   H   I   Q   N   A   T   L   A   G   G   V   A   V   G  
910 920 930 940 950 960
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
A C A G C C G C A G A G A T G G T G A T G A C T C C A T T C G G A G C A A T G A T T G T G G G A T T C A T T A C T G G A
 T   A   A   E   M   V   M   T   P   F   G   A   M   I   V   G   F   I   T   G  
970 980 990 1000 1010 1020
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
A C C A T T T C T A C T C T T G G C T T C A A G T A T C T C A G T C C T A T A C T T G A C T C C A A G T T G A A A A T C
 T   I   S   T   L   G   F   K   Y   L   S   P   I   L   D   S   K   L   K   I  
1030 1040 1050 1060 1070 1080
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
C A G G A C A C G T G T G G G A T A C A T A A C C T T C A T G G A A T G C C A G G G A T C A T T G G T G C T G T T G T G
 Q   D   T   C   G   I   H   N   L   H   G   M   P   G   I   I   G   A   V   V  
1090 1100 1110 1120 1130 1140
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G G T T C C A T T A T T G C A T C T T T T G C C A C C C G T G A C G T G T A T G G A G C A G G A T T A A A A G A T G T G
 G   S   I   I   A   S   F   A   T   R   D   V   Y   G   A   G   L   K   D   V  
1150 1160 1170 1180 1190 1200
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
T T C C C T C G G G T G G C C A A T G A A G A G A G G A C A G C A T C A A C C C A G G G C A T C A A T C A G A T A A T T
 F   P   R   V   A   N   E   E   R   T   A   S   T   Q   G   I   N   Q   I   I  
1210 1220 1230 1240 1250 1260
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
T C C C T G G G A G T T A C T T T G G G C T T T G C C C T T G T T G G T G G T G T C C T T G T A G G A T T C A T T A T G
 S   L   G   V   T   L   G   F   A   L   V   G   G   V   L   V   G   F   I   M  
1270 1280 1290 1300 1310 1320
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
A A G A T A C C A A T T T G G G G A T C T C C A G C A G A T A C A C A A T G T T T T A C T G A T G A A A T T T A C T G G
 K   I   P   I   W   G   S   P   A   D   T   Q   C   F   T   D   E   I   Y   W  
1330 1340 1350 1360 1370 1380
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G A G A T A C C T G A A G G A G A T G A T G A T G G C C A T G G A A C G A T G A T G T C A G T C A A G C A A G A C G A T
 E   I   P   E   G   D   D   D   G   H   G   T   M   M   S   V   K   Q   D   D  
1390
. . . . | . . . . | . . . . | . . .
C C T G A T A A A A T T A T T T A A





10 20 30 40 50 60
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
A T G A C A G C T C A C G C C A C T A G C A T G A G G G T C A A G C T G C C T G T T G T C T G T A T C A T C T T G G A A
 M   T   A   H   A   T   S   M   R   V   K   L   P   V   V   C   I   I   L   E  
70 80 90 100 110 120
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G G T G T C A C A A T G G T G C T C T T T G C C A T C T T T G T G C G G T A T G A C A A G G A A A C A G A T C C A A A A
 G   V   T   M   V   L   F   A   I   F   V   R   Y   D   K   E   T   D   P   K  
130 140 150 160 170 180
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G A A T G G C A C A T G C T T T T G G G C A A G A A T G G G T C T C A T G A T G A T A A A A A T A T T G A C A A T G A C
 E   W   H   M   L   L   G   K   N   G   S   H   D   D   K   N   I   D   N   D  
190 200 210 220 230 240
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
T T C T A C T T C C G C T A T C C T A G C T T T C A A G A T G T A C A T G T G A T G A T A T T T A T A G G C T T C G G T
 F   Y   F   R   Y   P   S   F   Q   D   V   H   V   M   I   F   I   G   F   G  
250 260 270 280 290 300
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
T T C C T A A T G A C A T T C C T A A A A C G T T A T G G C T T T G G G A G T G T T G G C T T T A A C T T C C T A A T T
 F   L   M   T   F   L   K   R   Y   G   F   G   S   V   G   F   N   F   L   I  
310 320 330 340 350 360
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G C C T C C T T T G G G A T C C A G T G G G C A G C A T T A A T G C A G G G C T T C T T T C A C T C C T T A G A A G A A
 A   S   F   G   I   Q   W   A   A   L   M   Q   G   F   F   H   S   L   E   E  
370 380 390 400 410 420
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G A T A A T A A A A T T C A T G T T G G T A T A G A A A G T A T G A T C A A C G C T G A A T T C T G T A C A G G A A G T
 D   N   K   I   H   V   G   I   E   S   M   I   N   A   E   F   C   T   G   S  
430 440 450 460 470 480
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G T A T T G A T T T C A T T T G G A G G T G T C C T T G G C A A G A C A A G T C C T G T C C A G C T T C T G G T G A T G
 V   L   I   S   F   G   G   V   L   G   K   T   S   P   V   Q   L   L   V   M  
490 500 510 520 530 540
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
A C T A T C T T T G A A A C A A C A T T G T T T G C G A T T A A C G A A T A T A T T G T T G T G A G C G T G C T G G G G
 T   I   F   E   T   T   L   F   A   I   N   E   Y   I   V   V   S   V   L   G  
550 560 570 580 590 600
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G C A A A G G A T G C T G G G G G A T C C A T G A C C A T T C A T A C C T T T G G A G C A T A C T T T G G A C T G A C T
 A   K   D   A   G   G   S   M   T   I   H   T   F   G   A   Y   F   G   L   T  
610 620 630 640 650 660
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G T A G C A C G G G T T C T T T A T C G A C C A G A T C T A C A C A A G A G C A G A C A C A G A G A A G G C T C T G T G
 V   A   R   V   L   Y   R   P   D   L   H   K   S   R   H   R   E   G   S   V  
670 680 690 700 710 720
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
T A T C A C T C T G A T A T C T T T G C T A T G A T T G G A A C C G T C T A T T T G T G G A T G T T C T G G C C C A G C
 Y   H   S   D   I   F   A   M   I   G   T   V   Y   L   W   M   F   W   P   S  
730 740 750 760 770 780
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
T T T A A C T C A G C C G T T A C T A T C C A T G G A G A T G A C C A G C A T A G G A C A G T T A T G A A T A C G T A C
 F   N   S   A   V   T   I   H   G   D   D   Q   H   R   T   V   M   N   T   Y  
790 800 810 820 830 840
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
T A C T C C C T G G C A G C C T G C A C C C T T G C T G C A T A C G C T A T A T C G G C A C T G G T G A A C C A C G A G
 Y   S   L   A   A   C   T   L   A   A   Y   A   I   S   A   L   V   N   H   E  
850 860 870 880 890 900
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G G C A A G C T A G A C A T G G T C C A C A T C C A G A A T G C A A C G C T T G C A G G A G G G G T T G C T G T T G G T
 G   K   L   D   M   V   H   I   Q   N   A   T   L   A   G   G   V   A   V   G  
910 920 930 940 950 960
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
A C A G C C G C A G A G A T G G T G A T G A C T C C A T T C G G A G C A A T G A T T G T G G G A T T C A T T A C T G G A
 T   A   A   E   M   V   M   T   P   F   G   A   M   I   V   G   F   I   T   G  
970 980 990 1000 1010 1020
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
A C C A T T T C T A C T C T T G G C T T C A A G T A T C T C A G T C C T A T A C T T G A C T C C A A G T T G A A A A T C
 T   I   S   T   L   G   F   K   Y   L   S   P   I   L   D   S   K   L   K   I  
1030 1040 1050 1060 1070 1080
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
C A G G A C A C G T G T G G G A T A C A T A A C C T T C A T G G A A T G C C A G G G A T C A T T G G T G C T G T T G T G
 Q   D   T   C   G   I   H   N   L   H   G   M   P   G   I   I   G   A   V   V  
1090 1100 1110 1120 1130 1140
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G G T T C C A T T A T T G C A T C T T T T G C C A C C C G T G A C G T G T A T G G A G C A G G A T T A A A A G A T G T G
 G   S   I   I   A   S   F   A   T   R   D   V   Y   G   A   G   L   K   D   V  
1150 1160 1170 1180 1190 1200
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
T T C C C T C G G G T G G C C A A T G A A G A G A G G A C A G C A T C A A C C C A G G G C A T C A A T C A G A T A A T T
 F   P   R   V   A   N   E   E   R   T   A   S   T   Q   G   I   N   Q   I   I  
1210 1220 1230 1240 1250 1260
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
T C C C T G G G A G T T A C T T T G G G C T T T G C C C T T G T T G G T G G T G T C C T T G T A G G A T T C A T T A T G
 S   L   G   V   T   L   G   F   A   L   V   G   G   V   L   V   G   F   I   M  
1270 1280 1290 1300 1310 1320
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
A A G A T A C C A A T T T G G G G A T C T C C A G C A G A T A C A C A A T G T T T T A C T G A T G A A A T T T A C T G G
 K   I   P   I   W   G   S   P   A   D   T   Q   C   F   T   D   E   I   Y   W  
1330 1340 1350 1360 1370 1380
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G A G A T A C C T G A A G G A G A T G A T G A T G G C C A T G G A A C G A T G A T G T C A G T C A A G C A A G A C G A T
 E   I   P   E   G   D   D   D   G   H   G   T   M   M   S   V   K   Q   D   D  
1390
. . . . | . . . . | . . . . | . . .
C C T G A T A A A A T T A T T T A A
 P   D   K   I   I   *  
 439 
 
Appendix 16. The nucleotide sequence of the coding region of rhesus family C 
glycoprotein (rhcg) and the translated amino acid sequence of Rhcg of 
Protopterus annectens. The stop codon is indicated with an asterisk. 
 
  
10 20 30 40 50 60
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
A T G G T G A A C A C A A A T A T G C G T T G G A A A C T G C C C T T G A T A T G T T T C A T C T G G C A G T T A G C G
 M   V   N   T   N   M   R   W   K   L   P   L   I   C   F   I   W   Q   L   A  
70 80 90 100 110 120
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
A T G A T T G T T C T C T T T G G A G T C T T C A T A A G A T A C A G T G A T G A A G C T G A T G C T G C C C G A T G G
 M   I   V   L   F   G   V   F   I   R   Y   S   D   E   A   D   A   A   R   W  
130 140 150 160 170 180
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
C C A G A G T A C A A A A G G A A T C A T A G T A T C A C C A C G A A T G T G G A A A A T G A C T T C T A C T T C A G A
 P   E   Y   K   R   N   H   S   I   T   T   N   V   E   N   D   F   Y   F   R  
190 200 210 220 230 240
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
T A C C C A A G T T T C C A G G A T G T G C A T G T G A T G A T A T T T G T G G G A T T T G G G T T C C T G A T G A C A
 Y   P   S   F   Q   D   V   H   V   M   I   F   V   G   F   G   F   L   M   T  
250 260 270 280 290 300
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
T T T T T A C A G A A G T A C G G T T T T A G T G C A G T G G G T T T C A A C T T T C T T A T T G C A G C A T T T G G A
 F   L   Q   K   Y   G   F   S   A   V   G   F   N   F   L   I   A   A   F   G  
310 320 330 340 350 360
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
A T C C A G T G G T C T C T G C T C A T G C A A G G G T G G T T C C A T T C A C T T G A T T A C A A T G A T G G A A A A
 I   Q   W   S   L   L   M   Q   G   W   F   H   S   L   D   Y   N   D   G   K  
370 380 390 400 410 420
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
A T C A A G A T T G G T G T T G T A A A C C T T A T A A A T G C T G A C T T C T G C A C T G C T T C A G C T T T A A T T
 I   K   I   G   V   V   N   L   I   N   A   D   F   C   T   A   S   A   L   I  
430 440 450 460 470 480
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
T C C T T T G G A G C T G T T C T T G G A A A A G C C A G T C C T G T T C A G C T T T T A C T A A T G A C C C T T T T T
 S   F   G   A   V   L   G   K   A   S   P   V   Q   L   L   L   M   T   L   F  
490 500 510 520 530 540
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G A G G T T A C C C T C T T T G C A G T T G A T G A G T A C A T T G T C C T G A A C C T T A T T C A G G C T A G A G A T
 E   V   T   L   F   A   V   D   E   Y   I   V   L   N   L   I   Q   A   R   D  
550 560 570 580 590 600
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
C C A G G T G G C A C T A T G A C T A T C C A T A C A T A C G G T G C T T C G T T T G G A C T G A T G G T A T C G T G G
 P   G   G   T   M   T   I   H   T   Y   G   A   S   F   G   L   M   V   S   W  
610 620 630 640 650 660
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
A T G C T G T G G C G C A A A G A T G T G G A G T G C A C C A A A G A C A A G C A A A G T T C C G T G T A C C A C T C A
 M   L   W   R   K   D   V   E   C   T   K   D   K   Q   S   S   V   Y   H   S  
670 680 690 700 710 720
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G A T C T C T T T T C C A T G G T T G G A A C C T T A T T T C T C T G G A T G T T T T G G C C C A G T T T C A A C T C T
 D   L   F   S   M   V   G   T   L   F   L   W   M   F   W   P   S   F   N   S  
730 740 750 760 770 780
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G C T A C T G C T G G T C A T G G G G A T G G G C A G C A C C G A G C T G C C A T T A A C A C T T A C T G C T C C C T T
 A   T   A   G   H   G   D   G   Q   H   R   A   A   I   N   T   Y   C   S   L  
790 800 810 820 830 840
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G C T G C A A G T G T A T T G A C A G C A G T A A T G A T A T C A A G C C T T C T G A A T A A A A A G G G A A A G C T A
 A   A   S   V   L   T   A   V   M   I   S   S   L   L   N   K   K   G   K   L  
850 860 870 880 890 900
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G A T A T G G T A C A T A T T C A G A A T T C C A C T C T T G C T G G T G G T G T G G T T G C A G G A A C T G C T G C C
 D   M   V   H   I   Q   N   S   T   L   A   G   G   V   V   A   G   T   A   A  
910 920 930 940 950 960
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G A G A T G A T G C T G A C A C C A T A C G G A T C T T T A A T A A T A G G C T T T T G T G T T G G C A T A A T A A G C
 E   M   M   L   T   P   Y   G   S   L   I   I   G   F   C   V   G   I   I   S  
970 980 990 1000 1010 1020
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G T T T T A G G A T T T G T C T A T G T A A C G C C T T T C C T A G C A A G T A A A C T G A A A C T T C A T G A T A C A
 V   L   G   F   V   Y   V   T   P   F   L   A   S   K   L   K   L   H   D   T  
1030 1040 1050 1060 1070 1080
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
T G T G G A A T T T T T A A C C T G C A T T T T C T A C C T G G A G T G C T T G G A A G T A T T G T T G G T G C C A T C
 C   G   I   F   N   L   H   F   L   P   G   V   L   G   S   I   V   G   A   I  
1090 1100 1110 1120 1130 1140
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
A C A G C T G C A G C A G C T A C A G A A G G G G T T T A C A C C A A G G A G G G G T T G A A T G C A A A T T T T G G T
 T   A   A   A   A   T   E   G   V   Y   T   K   E   G   L   N   A   N   F   G  
1150 1160 1170 1180 1190 1200
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
T T T G A A G A T C A T G A G G C C C G A A T T C C T A C A A C C C A G G G A G G A T A C C A G G C A G C A G G C A T G
 F   E   D   H   E   A   R   I   P   T   T   Q   G   G   Y   Q   A   A   G   M  
1210 1220 1230 1240 1250 1260
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
T G T G T C G C A C T A G C A T T T G G C C T T G G T G G A G G A A C T C T A G T T G G T T T G T T T T T G C G G T T A
 C   V   A   L   A   F   G   L   G   G   G   T   L   V   G   L   F   L   R   L  
1270 1280 1290 1300 1310 1320
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
C C C A T C T G G G G A G A T C C T G C A G A T G A A A A C T G C T T T G A G G A T G A C G T T T A C T G G G A G G T T
 P   I   W   G   D   P   A   D   E   N   C   F   E   D   D   V   Y   W   E   V  
1330 1340 1350 1360 1370 1380
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
C C T G G T G A C G A G G A A A T T G G A C C A T A T C A C C T A G A A G A A A G A A A C C A C A C A G A T A C A A A A
 P   G   D   E   E   I   G   P   Y   H   L   E   E   R   N   H   T   D   T   K  
. . . . | .
C A C T G A





10 20 30 40 50 60
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
A T G G T G A A C A C A A A T A T G C G T T G G A A A C T G C C C T T G A T A T G T T T C A T C T G G C A G T T A G C G
 M   V   N   T   N   M   R   W   K   L   P   L   I   C   F   I   W   Q   L   A  
70 80 90 100 110 120
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
A T G A T T G T T C T C T T T G G A G T C T T C A T A A G A T A C A G T G A T G A A G C T G A T G C T G C C C G A T G G
 M   I   V   L   F   G   V   F   I   R   Y   S   D   E   A   D   A   A   R   W  
130 140 150 160 170 180
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
C C A G A G T A C A A A A G G A A T C A T A G T A T C A C C A C G A A T G T G G A A A A T G A C T T C T A C T T C A G A
 P   E   Y   K   R   N   H   S   I   T   T   N   V   E   N   D   F   Y   F   R  
190 200 210 220 230 240
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
T A C C C A A G T T T C C A G G A T G T G C A T G T G A T G A T A T T T G T G G G A T T T G G G T T C C T G A T G A C A
 Y   P   S   F   Q   D   V   H   V   M   I   F   V   G   F   G   F   L   M   T  
250 260 270 280 290 300
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
T T T T T A C A G A A G T A C G G T T T T A G T G C A G T G G G T T T C A A C T T T C T T A T T G C A G C A T T T G G A
 F   L   Q   K   Y   G   F   S   A   V   G   F   N   F   L   I   A   A   F   G  
310 320 330 340 350 360
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
A T C C A G T G G T C T C T G C T C A T G C A A G G G T G G T T C C A T T C A C T T G A T T A C A A T G A T G G A A A A
 I   Q   W   S   L   L   M   Q   G   W   F   H   S   L   D   Y   N   D   G   K  
370 380 390 400 410 420
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
A T C A A G A T T G G T G T T G T A A A C C T T A T A A A T G C T G A C T T C T G C A C T G C T T C A G C T T T A A T T
 I   K   I   G   V   V   N   L   I   N   A   D   F   C   T   A   S   A   L   I  
430 440 450 460 470 480
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
T C C T T T G G A G C T G T T C T T G G A A A A G C C A G T C C T G T T C A G C T T T T A C T A A T G A C C C T T T T T
 S   F   G   A   V   L   G   K   A   S   P   V   Q   L   L   L   M   T   L   F  
490 500 510 520 530 540
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G A G G T T A C C C T C T T T G C A G T T G A T G A G T A C A T T G T C C T G A A C C T T A T T C A G G C T A G A G A T
 E   V   T   L   F   A   V   D   E   Y   I   V   L   N   L   I   Q   A   R   D  
550 560 570 580 590 600
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
C C A G G T G G C A C T A T G A C T A T C C A T A C A T A C G G T G C T T C G T T T G G A C T G A T G G T A T C G T G G
 P   G   G   T   M   T   I   H   T   Y   G   A   S   F   G   L   M   V   S   W  
610 620 630 640 650 660
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
A T G C T G T G G C G C A A A G A T G T G G A G T G C A C C A A A G A C A A G C A A A G T T C C G T G T A C C A C T C A
 M   L   W   R   K   D   V   E   C   T   K   D   K   Q   S   S   V   Y   H   S  
670 680 690 700 710 720
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G A T C T C T T T T C C A T G G T T G G A A C C T T A T T T C T C T G G A T G T T T T G G C C C A G T T T C A A C T C T
 D   L   F   S   M   V   G   T   L   F   L   W   M   F   W   P   S   F   N   S  
730 740 750 760 770 780
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G C T A C T G C T G G T C A T G G G G A T G G G C A G C A C C G A G C T G C C A T T A A C A C T T A C T G C T C C C T T
 A   T   A   G   H   G   D   G   Q   H   R   A   A   I   N   T   Y   C   S   L  
790 800 810 820 830 840
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G C T G C A A G T G T A T T G A C A G C A G T A A T G A T A T C A A G C C T T C T G A A T A A A A A G G G A A A G C T A
 A   A   S   V   L   T   A   V   M   I   S   S   L   L   N   K   K   G   K   L  
850 860 870 880 890 900
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G A T A T G G T A C A T A T T C A G A A T T C C A C T C T T G C T G G T G G T G T G G T T G C A G G A A C T G C T G C C
 D   M   V   H   I   Q   N   S   T   L   A   G   G   V   V   A   G   T   A   A  
910 920 930 940 950 960
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G A G A T G A T G C T G A C A C C A T A C G G A T C T T T A A T A A T A G G C T T T T G T G T T G G C A T A A T A A G C
 E   M   M   L   T   P   Y   G   S   L   I   I   G   F   C   V   G   I   I   S  
970 980 990 1000 1010 1020
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G T T T T A G G A T T T G T C T A T G T A A C G C C T T T C C T A G C A A G T A A A C T G A A A C T T C A T G A T A C A
 V   L   G   F   V   Y   V   T   P   F   L   A   S   K   L   K   L   H   D   T  
1030 1040 1050 1060 1070 1080
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
T G T G G A A T T T T T A A C C T G C A T T T T C T A C C T G G A G T G C T T G G A A G T A T T G T T G G T G C C A T C
 C   G   I   F   N   L   H   F   L   P   G   V   L   G   S   I   V   G   A   I  
1090 1100 1110 1120 1130 1140
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
A C A G C T G C A G C A G C T A C A G A A G G G G T T T A C A C C A A G G A G G G G T T G A A T G C A A A T T T T G G T
 T   A   A   A   A   T   E   G   V   Y   T   K   E   G   L   N   A   N   F   G  
1150 1160 1170 1180 1190 1200
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
T T T G A A G A T C A T G A G G C C C G A A T T C C T A C A A C C C A G G G A G G A T A C C A G G C A G C A G G C A T G
 F   E   D   H   E   A   R   I   P   T   T   Q   G   G   Y   Q   A   A   G   M  
1210 1220 1230 1240 1250 1260
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
T G T G T C G C A C T A G C A T T T G G C C T T G G T G G A G G A A C T C T A G T T G G T T T G T T T T T G C G G T T A
 C   V   A   L   A   F   G   L   G   G   G   T   L   V   G   L   F   L   R   L  
1270 1280 1290 1300 1310 1320
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
C C C A T C T G G G G A G A T C C T G C A G A T G A A A A C T G C T T T G A G G A T G A C G T T T A C T G G G A G G T T
 P   I   W   G   D   P   A   D   E   N   C   F   E   D   D   V   Y   W   E   V  
1330 1340 1350 1360 1370 1380
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
C C T G G T G A C G A G G A A A T T G G A C C A T A T C A C C T A G A A G A A A G A A A C C A C A C A G A T A C A A A A
 P   G   D   E   E   I   G   P   Y   H   L   E   E   R   N   H   T   D   T   K  
. . . . | .
C A C T G A
 H   *  
 441 
 
Appendix 17. The nucleotide sequence of the coding region of urea 
transporter A2a (ut-a2a) and the translated amino acid sequence of Ut-a2a of 
Protopterus annectens. The stop codon is indicated with an asterisk. 
 
  
10 20 30 40 50 60
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
A T G T C T G A T C C T G C A T A C A G A A T T T C A G A A C T G A C T A C T G A G G A A C T G A A G T C A C T C A T G
 M   S   D   P   A   Y   R   I   S   E   L   T   T   E   E   L   K   S   L   M  
70 80 90 100 110 120
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G A T C T C C A C A A C A C A G A A A A A C A A A A T G A T A A G A A A G A A T C T G T G A A G C C A G T A G G C T G T
 D   L   H   N   T   E   K   Q   N   D   K   K   E   S   V   K   P   V   G   C  
130 140 150 160 170 180
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
T G C A G C A A G G T G A T T A A T A T T T T G A A T A A A G G A G T T G C A T A T G T C G A T G G A G A C A T G G A A
 C   S   K   V   I   N   I   L   N   K   G   V   A   Y   V   D   G   D   M   E  
190 200 210 220 230 240
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G A A T T T G G A A A G T G G A T T A A A G G T A A A C C T G T A A T A T T T C A G T T T A T T G A C T G G T T C T T A
 E   F   G   K   W   I   K   G   K   P   V   I   F   Q   F   I   D   W   F   L  
250 260 270 280 290 300
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
A G A G G T A C A G C A C A A G T G A T G T T T G T C A A T A A C C C A C T C A G T G G C C T A A T C A T A A T T G C T
 R   G   T   A   Q   V   M   F   V   N   N   P   L   S   G   L   I   I   I   A  
310 320 330 340 350 360
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G G T C T T T T G G T G C A A A A T C G T T G G T G G G C A A T C A C T G G C T G C A T A G G A A C T G C A G T G T C A
 G   L   L   V   Q   N   R   W   W   A   I   T   G   C   I   G   T   A   V   S  
370 380 390 400 410 420
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
A C T C T T G T T G C A T T A T T A C T C A G C C A A G A C A G A T C A G C A A T T G C A G C A G G C C T C C A T G G A
 T   L   V   A   L   L   L   S   Q   D   R   S   A   I   A   A   G   L   H   G  
430 440 450 460 470 480
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
T A C A A T G G G A T C C T T G T G G G C T T A C T A A T G G C A G T A T T C T C T G C C A A A G G A G A C T G G T A C
 Y   N   G   I   L   V   G   L   L   M   A   V   F   S   A   K   G   D   W   Y  
490 500 510 520 530 540
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
T G G T G G C T G A T T C T C C C A G T G G T T G T C A T G T C T G C A G T C T G T C C A A T T C T G A C A A G T G G A
 W   W   L   I   L   P   V   V   V   M   S   A   V   C   P   I   L   T   S   G  
550 560 570 580 590 600
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
T T G G C C T C C A T T A A C A G C A A A T G G G A T C T T C C T G T T T T C A C C T T G C C T T T T A A C A C T G C A
 L   A   S   I   N   S   K   W   D   L   P   V   F   T   L   P   F   N   T   A  
610 620 630 640 650 660
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G T A T G C C T G C A T A T A G C T G C A A C T G G A C A C T T C A A C A A T T T C T T C C C A A C A A T T G T C T T T
 V   C   L   H   I   A   A   T   G   H   F   N   N   F   F   P   T   I   V   F  
670 680 690 700 710 720
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
C A G C G A T T G T C A T C A G T A C C T A A C A T C A C T T G G T C A G A A C T T A A T G T G C C A C T G C T A G T C
 Q   R   L   S   S   V   P   N   I   T   W   S   E   L   N   V   P   L   L   V  
730 740 750 760 770 780
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
A G A G C T A T A C C A G T T G G A G T T G G C C T G G T A T A T G G T T G T G A T A A C C C T T G G A C T G G A G G A
 R   A   I   P   V   G   V   G   L   V   Y   G   C   D   N   P   W   T   G   G  
790 800 810 820 830 840
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
A T C T T C A T T G T T G C T C T G T T T A T C T C T T C T C C A A T C A T T T G C T T A C A T A G T G T A A T T G G A
 I   F   I   V   A   L   F   I   S   S   P   I   I   C   L   H   S   V   I   G  
850 860 870 880 890 900
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
T C C A C A G C A G G A G T T C T A G C A G G G C T G T C T C T G T C A T C T C C T T T T G A C A A A A T A T A C A A T
 S   T   A   G   V   L   A   G   L   S   L   S   S   P   F   D   K   I   Y   N  
910 920 930 940 950 960
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G G C C T G T G G G G T T A T A A C A G T G T G C T G G C T T G C A T T G C T G T A G G A G G A A T G T T C T A T G C C
 G   L   W   G   Y   N   S   V   L   A   C   I   A   V   G   G   M   F   Y   A  
970 980 990 1000 1010 1020
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
C T T A C A T G G C A A A C T C A C C T A C T A G C T A T A G C T T G T G C A T T T T T C T G C G C T T A C T T G G G A
 L   T   W   Q   T   H   L   L   A   I   A   C   A   F   F   C   A   Y   L   G  
1030 1040 1050 1060 1070 1080
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G A A G C T C T A G C A C A A A T G A T G T C T G T G T T T G G A T T A C C T T C C T G C A C C T G G C C A T T C T G C
 E   A   L   A   Q   M   M   S   V   F   G   L   P   S   C   T   W   P   F   C  
1090 1100 1110 1120 1130 1140
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
C T C T C A G C A C T G C T G T T T T C G T T A C T C A C A A C G A A C A A C A A A G C T A T T T A C A A G T T G C C A
 L   S   A   L   L   F   S   L   L   T   T   N   N   K   A   I   Y   K   L   P  
1150 1160 1170 1180 1190 1200
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
C T T T C C A A A G T C A C A T A C C C A G A A G C T A A T C G C A A G T A T T A C A T G G A G A T G A A A A A A A T A
 L   S   K   V   T   Y   P   E   A   N   R   K   Y   Y   M   E   M   K   K   I  
1210 1220
. . . . | . . . . | . . . . | . . . . | . . . . | . .
A A G G A A G A C T G C A A T G A T A T T G T G T A A





10 20 30 40 50 60
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
A T G T C T G A T C C T G C A T A C A G A A T T T C A G A A C T G A C T A C T G A G G A A C T G A A G T C A C T C A T G
 M   S   D   P   A   Y   R   I   S   E   L   T   T   E   E   L   K   S   L   M  
70 80 90 100 110 120
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G A T C T C C A C A A C A C A G A A A A A C A A A A T G A T A A G A A A G A A T C T G T G A A G C C A G T A G G C T G T
 D   L   H   N   T   E   K   Q   N   D   K   K   E   S   V   K   P   V   G   C  
130 140 150 160 170 180
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
T G C A G C A A G G T G A T T A A T A T T T T G A A T A A A G G A G T T G C A T A T G T C G A T G G A G A C A T G G A A
 C   S   K   V   I   N   I   L   N   K   G   V   A   Y   V   D   G   D   M   E  
190 200 210 220 230 240
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G A A T T T G G A A A G T G G A T T A A A G G T A A A C C T G T A A T A T T T C A G T T T A T T G A C T G G T T C T T A
 E   F   G   K   W   I   K   G   K   P   V   I   F   Q   F   I   D   W   F   L  
250 260 270 280 290 300
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
A G A G G T A C A G C A C A A G T G A T G T T T G T C A A T A A C C C A C T C A G T G G C C T A A T C A T A A T T G C T
 R   G   T   A   Q   V   M   F   V   N   N   P   L   S   G   L   I   I   I   A  
310 320 330 340 350 360
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G G T C T T T T G G T G C A A A A T C G T T G G T G G G C A A T C A C T G G C T G C A T A G G A A C T G C A G T G T C A
 G   L   L   V   Q   N   R   W   W   A   I   T   G   C   I   G   T   A   V   S  
370 380 390 400 410 420
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
A C T C T T G T T G C A T T A T T A C T C A G C C A A G A C A G A T C A G C A A T T G C A G C A G G C C T C C A T G G A
 T   L   V   A   L   L   L   S   Q   D   R   S   A   I   A   A   G   L   H   G  
430 440 450 460 470 480
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
T A C A A T G G G A T C C T T G T G G G C T T A C T A A T G G C A G T A T T C T C T G C C A A A G G A G A C T G G T A C
 Y   N   G   I   L   V   G   L   L   M   A   V   F   S   A   K   G   D   W   Y  
490 500 510 520 530 540
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
T G G T G G C T G A T T C T C C C A G T G G T T G T C A T G T C T G C A G T C T G T C C A A T T C T G A C A A G T G G A
 W   W   L   I   L   P   V   V   V   M   S   A   V   C   P   I   L   T   S   G  
550 560 570 580 590 600
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
T T G G C C T C C A T T A A C A G C A A A T G G G A T C T T C C T G T T T T C A C C T T G C C T T T T A A C A C T G C A
 L   A   S   I   N   S   K   W   D   L   P   V   F   T   L   P   F   N   T   A  
610 620 630 640 650 660
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G T A T G C C T G C A T A T A G C T G C A A C T G G A C A C T T C A A C A A T T T C T T C C C A A C A A T T G T C T T T
 V   C   L   H   I   A   A   T   G   H   F   N   N   F   F   P   T   I   V   F  
670 680 690 700 710 720
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
C A G C G A T T G T C A T C A G T A C C T A A C A T C A C T T G G T C A G A A C T T A A T G T G C C A C T G C T A G T C
 Q   R   L   S   S   V   P   N   I   T   W   S   E   L   N   V   P   L   L   V  
730 740 750 760 770 780
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
A G A G C T A T A C C A G T T G G A G T T G G C C T G G T A T A T G G T T G T G A T A A C C C T T G G A C T G G A G G A
 R   A   I   P   V   G   V   G   L   V   Y   G   C   D   N   P   W   T   G   G  
790 800 810 820 830 840
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
A T C T T C A T T G T T G C T C T G T T T A T C T C T T C T C C A A T C A T T T G C T T A C A T A G T G T A A T T G G A
 I   F   I   V   A   L   F   I   S   S   P   I   I   C   L   H   S   V   I   G  
850 860 870 880 890 900
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
T C C A C A G C A G G A G T T C T A G C A G G G C T G T C T C T G T C A T C T C C T T T T G A C A A A A T A T A C A A T
 S   T   A   G   V   L   A   G   L   S   L   S   S   P   F   D   K   I   Y   N  
910 920 930 940 950 960
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G G C C T G T G G G G T T A T A A C A G T G T G C T G G C T T G C A T T G C T G T A G G A G G A A T G T T C T A T G C C
 G   L   W   G   Y   N   S   V   L   A   C   I   A   V   G   G   M   F   Y   A  
970 980 990 1000 1010 1020
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
C T T A C A T G G C A A A C T C A C C T A C T A G C T A T A G C T T G T G C A T T T T T C T G C G C T T A C T T G G G A
 L   T   W   Q   T   H   L   L   A   I   A   C   A   F   F   C   A   Y   L   G  
1030 1040 1050 1060 1070 1080
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G A A G C T C T A G C A C A A A T G A T G T C T G T G T T T G G A T T A C C T T C C T G C A C C T G G C C A T T C T G C
 E   A   L   A   Q   M   M   S   V   F   G   L   P   S   C   T   W   P   F   C  
1090 1100 1110 1120 1130 1140
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
C T C T C A G C A C T G C T G T T T T C G T T A C T C A C A A C G A A C A A C A A A G C T A T T T A C A A G T T G C C A
 L   S   A   L   L   F   S   L   L   T   T   N   N   K   A   I   Y   K   L   P  
1150 1160 1170 1180 1190 1200
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
C T T T C C A A A G T C A C A T A C C C A G A A G C T A A T C G C A A G T A T T A C A T G G A G A T G A A A A A A A T A
 L   S   K   V   T   Y   P   E   A   N   R   K   Y   Y   M   E   M   K   K   I  
1210 1220
. . . . | . . . . | . . . . | . . . . | . . . . | . .
A A G G A A G A C T G C A A T G A T A T T G T G T A A
 K   E   D   C   N   D   I   V   *  
 443 
 
Appendix 18. The nucleotide sequence of the coding region of urea 
transporter A2b (ut-a2b) and the translated amino acid sequence of Ut-a2b of 
Protopterus annectens. The stop codon is indicated with an asterisk. 
 
  
10 20 30 40 50 60
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
A T G A G G A A T C G G A C A T C T A A C A C A T T T C C G A T G A C A G C A A A G A A T A C T G A G G A T T C T G G G
 M   R   N   R   T   S   N   T   F   P   M   T   A   K   N   T   E   D   S   G  
70 80 90 100 110 120
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
T C A G A A C A T C A G C C C A C A G A G G A A A C C T C T G A T C C T G C A T G C A G A A T T G C T A A A C A A C T G
 S   E   H   Q   P   T   E   E   T   S   D   P   A   C   R   I   A   K   Q   L  
130 140 150 160 170 180
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
T C T G A G A A C A C T G A G A C T T C T G T G C C A G A A T A T C A C C C C A C A G A G C A T A T T T C T G A T C T T
 S   E   N   T   E   T   S   V   P   E   Y   H   P   T   E   H   I   S   D   L  
190 200 210 220 230 240
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G C A T T C A G A C A T C C T G A A C A A T C T A C T G A G G A G G T G A A A T C A T T C A T G A A T C C T C A A C A C
 A   F   R   H   P   E   Q   S   T   E   E   V   K   S   F   M   N   P   Q   H  
250 260 270 280 290 300
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
A C A G T A A A A C A G A A G G A A G A C A A A A A A T C T T C A A G G A T G G A A G G C T G T T G C A A G T T G A T T
 T   V   K   Q   K   E   D   K   K   S   S   R   M   E   G   C   C   K   L   I  
310 320 330 340 350 360
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
A A T G T T C T T A A T A A A G G T G T T C G A T A C A T C A C T G G A G A C A T G G A A G A A T T T G G A A A G T G G
 N   V   L   N   K   G   V   R   Y   I   T   G   D   M   E   E   F   G   K   W  
370 380 390 400 410 420
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
C T T A A A G G T A A A C T T A T A A T A T T T C A G T T T A T T G A C T G G G T C C T T C G A G G T A C T G C T C A A
 L   K   G   K   L   I   I   F   Q   F   I   D   W   V   L   R   G   T   A   Q  
430 440 450 460 470 480
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G T G A T G T T T G C C A A T A A T C C A C T C A G T G G A C T A A T T A T C A T C G C T G G T C T A C T A G T C C A G
 V   M   F   A   N   N   P   L   S   G   L   I   I   I   A   G   L   L   V   Q  
490 500 510 520 530 540
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
A A T C G T T G G T G G A C A A T C A C A G G G T G T A C A G G A A C T G T A G T A T C A A C T C T T G T A G C A C T A
 N   R   W   W   T   I   T   G   C   T   G   T   V   V   S   T   L   V   A   L  
550 560 570 580 590 600
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
C T C C T C A G C C A A G A C A G A T C T T C A A T T G C A G C A G G C C T C T A T G G A T A C A A T G G G A T C C T T
 L   L   S   Q   D   R   S   S   I   A   A   G   L   Y   G   Y   N   G   I   L  
610 620 630 640 650 660
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G T G G G C T T A C T A A T A G C T G T A T T C T C T G C T A A T G G A A A C T G G T A C T G G T G G C T G A T T C T C
 V   G   L   L   I   A   V   F   S   A   N   G   N   W   Y   W   W   L   I   L  
670 680 690 700 710 720
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
C C A G T G A T T A T C A T G T C T G C A G T C T G C C C T A T T C T G A C A A G T G C A G T G G C C T C C A T C C A C
 P   V   I   I   M   S   A   V   C   P   I   L   T   S   A   V   A   S   I   H  
730 740 750 760 770 780
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
A G C A T A T G G G A T C T C C C T G T T C T T A C A T T G C C T T T T A A C A T T G C A G T A A G C C T G T A T T T T
 S   I   W   D   L   P   V   L   T   L   P   F   N   I   A   V   S   L   Y   F  
790 800 810 820 830 840
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G C A G C A A C T G G C A G T T T C A A C A A T T T T T T T C C A A C A A C T C T G A T T C A G C C G C A G A C C T C A
 A   A   T   G   S   F   N   N   F   F   P   T   T   L   I   Q   P   Q   T   S  
850 860 870 880 890 900
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G T A C C T A A C A T T A C C T G G T C A G A A C T T A A C G T G C C A C T G C T A C T C A G A G C T A T A C C A G T T
 V   P   N   I   T   W   S   E   L   N   V   P   L   L   L   R   A   I   P   V  
910 920 930 940 950 960
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G G A G T T G G C C A G G T A T A T G G T T G T G A T A A C C C T T G G A C A G G A G G A A T C T T C A T T G T T G C T
 G   V   G   Q   V   Y   G   C   D   N   P   W   T   G   G   I   F   I   V   A  
970 980 990 1000 1010 1020
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
C T G T T T A T C T G T T C T C C A A C C A T T T G C T T G C A T T C T A T A A T T G G T T C C A T A G C A G G A A T T
 L   F   I   C   S   P   T   I   C   L   H   S   I   I   G   S   I   A   G   I  
1030 1040 1050 1060 1070 1080
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
C T A G C A G G G C T G T C C C T G T C A T C T C C T T T T G A C A A A A T A T A C A A T G G C C T G T G G G G T T A T
 L   A   G   L   S   L   S   S   P   F   D   K   I   Y   N   G   L   W   G   Y  
1090 1100 1110 1120 1130 1140
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
A A C A G T G T G C T G G C C T G C A T T G C T A T A G G A G G A A T G T T C T A T G C C C T T A C A T G G C A A A C T
 N   S   V   L   A   C   I   A   I   G   G   M   F   Y   A   L   T   W   Q   T  
1150 1160 1170 1180 1190 1200
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
C A C C T A T T A G C T A T A G C C T G T G C A T T T T T C T G T G C C T A C C T G G G A G A A G C T C T A G C C C A A
 H   L   L   A   I   A   C   A   F   F   C   A   Y   L   G   E   A   L   A   Q  
1210 1220 1230 1240 1250 1260
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
A T G A T G T C T G C G T T T G G A T T G C C T T C C T T C A C C T G G C C A T T T T G C T T C T C A G C G C T T C T C
 M   M   S   A   F   G   L   P   S   F   T   W   P   F   C   F   S   A   L   L  
1270 1280 1290 1300 1310 1320
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
T T T C T G T T A C T C A G A A C A A A C A A C A A G G C T A T T T N C A A A T T G C C A C T T T C C A A A G T C A C A
 F   L   L   L   R   T   N   N   K   A   I   X   K   L   P   L   S   K   V   T  
1330 1340 1350 1360 1370 1380
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
T A C C C A G A A G C T A A T C G C A A A T A T T A C T T A G A A A T A A A A A A A G A A A A G G A A G A C A A C A A T
 Y   P   E   A   N   R   K   Y   Y   L   E   I   K   K   E   K   E   D   N   N  
1390
. . . . | . . . . | . .
G A T T C T G T G T A A





10 20 30 40 50 60
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
A T G A G G A A T C G G A C A T C T A A C A C A T T T C C G A T G A C A G C A A A G A A T A C T G A G G A T T C T G G G
 M   R   N   R   T   S   N   T   F   P   M   T   A   K   N   T   E   D   S   G  
70 80 90 100 110 120
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
T C A G A A C A T C A G C C C A C A G A G G A A A C C T C T G A T C C T G C A T G C A G A A T T G C T A A A C A A C T G
 S   E   H   Q   P   T   E   E   T   S   D   P   A   C   R   I   A   K   Q   L  
130 140 150 160 170 180
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
T C T G A G A A C A C T G A G A C T T C T G T G C C A G A A T A T C A C C C C A C A G A G C A T A T T T C T G A T C T T
 S   E   N   T   E   T   S   V   P   E   Y   H   P   T   E   H   I   S   D   L  
190 200 210 220 230 240
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G C A T T C A G A C A T C C T G A A C A A T C T A C T G A G G A G G T G A A A T C A T T C A T G A A T C C T C A A C A C
 A   F   R   H   P   E   Q   S   T   E   E   V   K   S   F   M   N   P   Q   H  
250 260 270 280 290 300
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
A C A G T A A A A C A G A A G G A A G A C A A A A A A T C T T C A A G G A T G G A A G G C T G T T G C A A G T T G A T T
 T   V   K   Q   K   E   D   K   K   S   S   R   M   E   G   C   C   K   L   I  
310 320 330 340 350 360
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
A A T G T T C T T A A T A A A G G T G T T C G A T A C A T C A C T G G A G A C A T G G A A G A A T T T G G A A A G T G G
 N   V   L   N   K   G   V   R   Y   I   T   G   D   M   E   E   F   G   K   W  
370 380 390 400 410 420
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
C T T A A A G G T A A A C T T A T A A T A T T T C A G T T T A T T G A C T G G G T C C T T C G A G G T A C T G C T C A A
 L   K   G   K   L   I   I   F   Q   F   I   D   W   V   L   R   G   T   A   Q  
430 440 450 460 470 480
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G T G A T G T T T G C C A A T A A T C C A C T C A G T G G A C T A A T T A T C A T C G C T G G T C T A C T A G T C C A G
 V   M   F   A   N   N   P   L   S   G   L   I   I   I   A   G   L   L   V   Q  
490 500 510 520 530 540
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
A A T C G T T G G T G G A C A A T C A C A G G G T G T A C A G G A A C T G T A G T A T C A A C T C T T G T A G C A C T A
 N   R   W   W   T   I   T   G   C   T   G   T   V   V   S   T   L   V   A   L  
550 560 570 580 590 600
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
C T C C T C A G C C A A G A C A G A T C T T C A A T T G C A G C A G G C C T C T A T G G A T A C A A T G G G A T C C T T
 L   L   S   Q   D   R   S   S   I   A   A   G   L   Y   G   Y   N   G   I   L  
610 620 630 640 650 660
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G T G G G C T T A C T A A T A G C T G T A T T C T C T G C T A A T G G A A A C T G G T A C T G G T G G C T G A T T C T C
 V   G   L   L   I   A   V   F   S   A   N   G   N   W   Y   W   W   L   I   L  
670 680 690 700 710 720
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
C C A G T G A T T A T C A T G T C T G C A G T C T G C C C T A T T C T G A C A A G T G C A G T G G C C T C C A T C C A C
 P   V   I   I   M   S   A   V   C   P   I   L   T   S   A   V   A   S   I   H  
730 740 750 760 770 780
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
A G C A T A T G G G A T C T C C C T G T T C T T A C A T T G C C T T T T A A C A T T G C A G T A A G C C T G T A T T T T
 S   I   W   D   L   P   V   L   T   L   P   F   N   I   A   V   S   L   Y   F  
790 800 810 820 830 840
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G C A G C A A C T G G C A G T T T C A A C A A T T T T T T T C C A A C A A C T C T G A T T C A G C C G C A G A C C T C A
 A   A   T   G   S   F   N   N   F   F   P   T   T   L   I   Q   P   Q   T   S  
850 860 870 880 890 900
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G T A C C T A A C A T T A C C T G G T C A G A A C T T A A C G T G C C A C T G C T A C T C A G A G C T A T A C C A G T T
 V   P   N   I   T   W   S   E   L   N   V   P   L   L   L   R   A   I   P   V  
910 920 930 940 950 960
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G G A G T T G G C C A G G T A T A T G G T T G T G A T A A C C C T T G G A C A G G A G G A A T C T T C A T T G T T G C T
 G   V   G   Q   V   Y   G   C   D   N   P   W   T   G   G   I   F   I   V   A  
970 980 990 1000 1010 1020
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
C T G T T T A T C T G T T C T C C A A C C A T T T G C T T G C A T T C T A T A A T T G G T T C C A T A G C A G G A A T T
 L   F   I   C   S   P   T   I   C   L   H   S   I   I   G   S   I   A   G   I  
1030 1040 1050 1060 1070 1080
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
C T A G C A G G G C T G T C C C T G T C A T C T C C T T T T G A C A A A A T A T A C A A T G G C C T G T G G G G T T A T
 L   A   G   L   S   L   S   S   P   F   D   K   I   Y   N   G   L   W   G   Y  
1090 1100 1110 1120 1130 1140
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
A A C A G T G T G C T G G C C T G C A T T G C T A T A G G A G G A A T G T T C T A T G C C C T T A C A T G G C A A A C T
 N   S   V   L   A   C   I   A   I   G   G   M   F   Y   A   L   T   W   Q   T  
1150 1160 1170 1180 1190 1200
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
C A C C T A T T A G C T A T A G C C T G T G C A T T T T T C T G T G C C T A C C T G G G A G A A G C T C T A G C C C A A
 H   L   L   A   I   A   C   A   F   F   C   A   Y   L   G   E   A   L   A   Q  
1210 1220 1230 1240 1250 1260
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
A T G A T G T C T G C G T T T G G A T T G C C T T C C T T C A C C T G G C C A T T T T G C T T C T C A G C G C T T C T C
 M   M   S   A   F   G   L   P   S   F   T   W   P   F   C   F   S   A   L   L  
1270 1280 1290 1300 1310 1320
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
T T T C T G T T A C T C A G A A C A A A C A A C A A G G C T A T T T N C A A A T T G C C A C T T T C C A A A G T C A C A
 F   L   L   L   R   T   N   N   K   A   I   X   K   L   P   L   S   K   V   T  
1330 1340 1350 1360 1370 1380
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
T A C C C A G A A G C T A A T C G C A A A T A T T A C T T A G A A A T A A A A A A A G A A A A G G A A G A C A A C A A T
 Y   P   E   A   N   R   K   Y   Y   L   E   I   K   K   E   K   E   D   N   N  
1390
. . . . | . . . . | . .
G A T T C T G T G T A A
 D   S   V   *  
 445 
 
Appendix 19. The nucleotide sequence of the coding region of urea 
transporter A2c (ut-a2c) and the translated amino acid sequence of Ut-a2c of 
Protopterus annectens. The stop codon is indicated with an asterisk. 
 
  
10 20 30 40 50 60
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
A T G A A T C C T C A A C A C A C A G T A A A A C A G A A G G A A G A C A A A A A A T C T T C A A G G A T G G A A G G C
 M   N   P   Q   H   T   V   K   Q   K   E   D   K   K   S   S   R   M   E   G  
70 80 90 100 110 120
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
T G T T G C A A G T T G A T T A A T G T T C T T A A T A A A G G T G T T C G A T A C A T C A C T G G A G A C A T G G A A
 C   C   K   L   I   N   V   L   N   K   G   V   R   Y   I   T   G   D   M   E  
130 140 150 160 170 180
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G A A T T T G G A A A G T G G C T T A A A G G T A A A C T T A T A A T A T T T C A G T T T A T T G A C T G G G T C C T T
 E   F   G   K   W   L   K   G   K   L   I   I   F   Q   F   I   D   W   V   L  
190 200 210 220 230 240
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
C G A G G T A C T G C T C A A G T G A T G T T T G C C A A T A A T C C A C T C A G T G G A C T A A T T A T C A T T G C T
 R   G   T   A   Q   V   M   F   A   N   N   P   L   S   G   L   I   I   I   A  
250 260 270 280 290 300
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G G T C T A C T G G T C C A G A A T C G T T G G T G G A C A A T C A C A G G G T G T A C A G G A A C T G T A G T A T C A
 G   L   L   V   Q   N   R   W   W   T   I   T   G   C   T   G   T   V   V   S  
310 320 330 340 350 360
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
A C T C T T G T A G C A C T A C T C C T C A G C C A A G A C A G A T C T T C A A T T G C A G C A G G C C T C T A T G G A
 T   L   V   A   L   L   L   S   Q   D   R   S   S   I   A   A   G   L   Y   G  
370 380 390 400 410 420
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
T A C A A T G G G A T C C T T G T G G G C T T A C T A A T A G C T G T A T T C T C T G C T A A T G G A A A C T G G T A C
 Y   N   G   I   L   V   G   L   L   I   A   V   F   S   A   N   G   N   W   Y  
430 440 450 460 470 480
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
T G G T G G C T G A T T C T C C C A G T G A T T A T C A T G T C C G C A G T C T G C C C T A T T C T G A C A A G T G C A
 W   W   L   I   L   P   V   I   I   M   S   A   V   C   P   I   L   T   S   A  
490 500 510 520 530 540
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G T G G C C T C C A T C C A C A G C A T A T G G G A T C T C C C T G T T C T T A C A T T G C C T T T T A A C A T T G C A
 V   A   S   I   H   S   I   W   D   L   P   V   L   T   L   P   F   N   I   A  
550 560 570 580 590 600
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G T A A G C C T G T A T T T T G C A G C A A C T G G C A G T T T C A A C A A T T T T T T T C C A A C A A C T C T G A T T
 V   S   L   Y   F   A   A   T   G   S   F   N   N   F   F   P   T   T   L   I  
610 620 630 640 650 660
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
C A G C C G C A G A C C T C A G T A C C T A A C A T T A C C T G G T C A G A A C T T A A C G T G C C A C T G C T A C T C
 Q   P   Q   T   S   V   P   N   I   T   W   S   E   L   N   V   P   L   L   L  
670 680 690 700 710 720
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
A G A G C T A T A C C A G T T G G A G T T G G C C A G G T A T A T G G T T G T G A T A A C C C T T G G A C A G G A G G A
 R   A   I   P   V   G   V   G   Q   V   Y   G   C   D   N   P   W   T   G   G  
730 740 750 760 770 780
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
A T C T T C A T T G T T G C T C T G T T T A T C T G T T C T C C A A C C A T T T G C T T G C A T T C T A T A A T T G G T
 I   F   I   V   A   L   F   I   C   S   P   T   I   C   L   H   S   I   I   G  
790 800 810 820 830 840
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
T C C A T A G C A G G A A T T C T A G C A G G G C T G T C C C T G T C A T C T C C T T T T G A C A A A A T A T A C A A T
 S   I   A   G   I   L   A   G   L   S   L   S   S   P   F   D   K   I   Y   N  
850 860 870 880 890 900
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G G C C T G T G G G G T T A T A A C A G T G T G C T G G C C T G C A T T G C T A T A G G A G G A A T G T T C T A T G C C
 G   L   W   G   Y   N   S   V   L   A   C   I   A   I   G   G   M   F   Y   A  
910 920 930 940 950 960
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
C T T A C A T G G C A A A C T C A C C T A T T A G C T A T A G C C T G T G C A T T T T T C T G T G C C T A C C T G G G A
 L   T   W   Q   T   H   L   L   A   I   A   C   A   F   F   C   A   Y   L   G  
970 980 990 1000 1010 1020
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G A A G C T C T A G C C C A A A T G A T G T C T G C G T T T G G A T T G C C T T C C T T C A C C T G G C C A T T T T G C
 E   A   L   A   Q   M   M   S   A   F   G   L   P   S   F   T   W   P   F   C  
1030 1040 1050 1060 1070 1080
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
T T C T C A G C G C T T C T C T T T C T G T T A C T C A G A A C A A A C A A C A A G G C T A T T T N C A A A T T G C C A
 F   S   A   L   L   F   L   L   L   R   T   N   N   K   A   I   X   K   L   P  
1090 1100 1110 1120 1130 1140
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
C T T T C C A A A G T C A C A T A C C C A G A A G C T A A T C G C A A A T A T T A C T T A G A A A T A A A A A A A G A A
 L   S   K   V   T   Y   P   E   A   N   R   K   Y   Y   L   E   I   K   K   E  
1150 1160
. . . . | . . . . | . . . . | . . . . | . . . . | . .
A A G G A A G A C A A C A A T G A T T C T G T G T A A





10 20 30 40 50 60
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
A T G A A T C C T C A A C A C A C A G T A A A A C A G A A G G A A G A C A A A A A A T C T T C A A G G A T G G A A G G C
 M   N   P   Q   H   T   V   K   Q   K   E   D   K   K   S   S   R   M   E   G  
70 80 90 100 110 120
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
T G T T G C A A G T T G A T T A A T G T T C T T A A T A A A G G T G T T C G A T A C A T C A C T G G A G A C A T G G A A
 C   C   K   L   I   N   V   L   N   K   G   V   R   Y   I   T   G   D   M   E  
130 140 150 160 170 180
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G A A T T T G G A A A G T G G C T T A A A G G T A A A C T T A T A A T A T T T C A G T T T A T T G A C T G G G T C C T T
 E   F   G   K   W   L   K   G   K   L   I   I   F   Q   F   I   D   W   V   L  
190 200 210 220 230 240
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
C G A G G T A C T G C T C A A G T G A T G T T T G C C A A T A A T C C A C T C A G T G G A C T A A T T A T C A T T G C T
 R   G   T   A   Q   V   M   F   A   N   N   P   L   S   G   L   I   I   I   A  
250 260 270 280 290 300
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G G T C T A C T G G T C C A G A A T C G T T G G T G G A C A A T C A C A G G G T G T A C A G G A A C T G T A G T A T C A
 G   L   L   V   Q   N   R   W   W   T   I   T   G   C   T   G   T   V   V   S  
310 320 330 340 350 360
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
A C T C T T G T A G C A C T A C T C C T C A G C C A A G A C A G A T C T T C A A T T G C A G C A G G C C T C T A T G G A
 T   L   V   A   L   L   L   S   Q   D   R   S   S   I   A   A   G   L   Y   G  
370 380 390 400 410 420
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
T A C A A T G G G A T C C T T G T G G G C T T A C T A A T A G C T G T A T T C T C T G C T A A T G G A A A C T G G T A C
 Y   N   G   I   L   V   G   L   L   I   A   V   F   S   A   N   G   N   W   Y  
430 440 450 460 470 480
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
T G G T G G C T G A T T C T C C C A G T G A T T A T C A T G T C C G C A G T C T G C C C T A T T C T G A C A A G T G C A
 W   W   L   I   L   P   V   I   I   M   S   A   V   C   P   I   L   T   S   A  
490 500 510 520 530 540
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G T G G C C T C C A T C C A C A G C A T A T G G G A T C T C C C T G T T C T T A C A T T G C C T T T T A A C A T T G C A
 V   A   S   I   H   S   I   W   D   L   P   V   L   T   L   P   F   N   I   A  
550 560 570 580 590 600
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G T A A G C C T G T A T T T T G C A G C A A C T G G C A G T T T C A A C A A T T T T T T T C C A A C A A C T C T G A T T
 V   S   L   Y   F   A   A   T   G   S   F   N   N   F   F   P   T   T   L   I  
610 620 630 640 650 660
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
C A G C C G C A G A C C T C A G T A C C T A A C A T T A C C T G G T C A G A A C T T A A C G T G C C A C T G C T A C T C
 Q   P   Q   T   S   V   P   N   I   T   W   S   E   L   N   V   P   L   L   L  
670 680 690 700 710 720
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
A G A G C T A T A C C A G T T G G A G T T G G C C A G G T A T A T G G T T G T G A T A A C C C T T G G A C A G G A G G A
 R   A   I   P   V   G   V   G   Q   V   Y   G   C   D   N   P   W   T   G   G  
730 740 750 760 770 780
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
A T C T T C A T T G T T G C T C T G T T T A T C T G T T C T C C A A C C A T T T G C T T G C A T T C T A T A A T T G G T
 I   F   I   V   A   L   F   I   C   S   P   T   I   C   L   H   S   I   I   G  
790 800 810 820 830 840
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
T C C A T A G C A G G A A T T C T A G C A G G G C T G T C C C T G T C A T C T C C T T T T G A C A A A A T A T A C A A T
 S   I   A   G   I   L   A   G   L   S   L   S   S   P   F   D   K   I   Y   N  
850 860 870 880 890 900
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G G C C T G T G G G G T T A T A A C A G T G T G C T G G C C T G C A T T G C T A T A G G A G G A A T G T T C T A T G C C
 G   L   W   G   Y   N   S   V   L   A   C   I   A   I   G   G   M   F   Y   A  
910 920 930 940 950 960
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
C T T A C A T G G C A A A C T C A C C T A T T A G C T A T A G C C T G T G C A T T T T T C T G T G C C T A C C T G G G A
 L   T   W   Q   T   H   L   L   A   I   A   C   A   F   F   C   A   Y   L   G  
970 980 990 1000 1010 1020
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
G A A G C T C T A G C C C A A A T G A T G T C T G C G T T T G G A T T G C C T T C C T T C A C C T G G C C A T T T T G C
 E   A   L   A   Q   M   M   S   A   F   G   L   P   S   F   T   W   P   F   C  
1030 1040 1050 1060 1070 1080
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
T T C T C A G C G C T T C T C T T T C T G T T A C T C A G A A C A A A C A A C A A G G C T A T T T N C A A A T T G C C A
 F   S   A   L   L   F   L   L   L   R   T   N   N   K   A   I   X   K   L   P  
1090 1100 1110 1120 1130 1140
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |
C T T T C C A A A G T C A C A T A C C C A G A A G C T A A T C G C A A A T A T T A C T T A G A A A T A A A A A A A G A A
 L   S   K   V   T   Y   P   E   A   N   R   K   Y   Y   L   E   I   K   K   E  
1150 1160
. . . . | . . . . | . . . . | . . . . | . . . . | . .
A A G G A A G A C A A C A A T G A T T C T G T G T A A
 K   E   D   N   N   D   S   V   *  
